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ABSTRACT 
Almond is the most produced tree nut in the US. Along with potential health related 
studies, popularity of almonds has been rising among consumers in the last few decades. 
Furthermore, consumer liking the flavor of both raw and roasted almonds plays a role in its 
increasing popularity. However, because of its high unsaturated fat content almond is prone to 
lipid oxidation during storage that leads to flavor and quality changes. Predominant aroma-active 
compounds in almonds were identified and the effect of oxidative state of raw almonds on 
roasted aroma was observed in this study. 
Volatile components of raw, dry roasted and oil roasted almonds were isolated by solvent 
extraction-solvent-assisted flavor evaporation and the predominant aroma-active compounds 
were identified by gas chromatography-olfactometry (GCO) and aroma extract dilutions analysis 
(AEDA), and by GC-mass spectrometry determination of odor-activity values (OAVs).   Results 
demonstrated the importance of lipid-derived volatile compounds such as ketones and aldehydes 
in raw almond aroma. Meanwhile, volatile compounds derived via the Maillard reaction, lipid 
degradation/oxidation and sugar degradation were predominant aroma compounds in dry and oil 
roasted almonds. These compounds were mainly pyrazines, pyridines, pyrrolines, aldehydes and 
furanones.  
Aroma changes of stored raw (SR) and stored raw-then-roasted (SRTR) almonds were 
investigated by gas chromatography-olfactometry (GCO) and aroma extract dilutions analysis 
(AEDA) and GC-mass spectrometry (GC-MS). Raw almonds were stored at either room 
temperature (24±1°C), 37°C or 4°C for 18, 9 or 12 months, respectively. Based on their 
relatively high flavor dilution (FD) factors and OAVs, the predominant aroma compounds in 
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stored raw almonds were identified as 1-octen-3-one, hexanal and acetic acid. Aldehydes and 
acids were found in highest abundance in raw almonds. Storage of raw almonds resulted in an 
increase in the total concentration of aroma compounds at all storage temperatures. In SRTR 
almonds, methional, Furaneol, 3-methylbutanal and 2-acetyl-3,4,5,6 (& 1,4,5,6)-
tetrahydropyridine were the predominant aroma compounds, while aldehydes, nitrogen-
containing compounds and acids were found in highest overall abundance. Total concentration of 
aroma compounds increased in SRTR almonds stored at RT and 37°C, whereas they decreased in 
almonds stored at 4°C. Concentrations of nitrogen-containing aroma compounds, responsible for 
roasted notes, increased in the SRTR almonds throughout the storage period. Results of this 
study indicate that storing raw almonds prior to roasting affects the levels of thermally generated 
aroma compounds formed during roasting.  
iv 
 
ACKNOWLEDGEMENTS 
I would like to thank everyone who supported me during this project. First of all, I would 
like to express my gratitude Dr. Keith R. Cadwallader for his support, patience and guidance 
with his profound knowledge during the project. I would like to thank my thesis committee chair 
Dr. Nicki Engeseth and committee members Dr. Soo-Yeun Lee and Dr. Young-Soo Lee. 
Additionally, I would like to thank Hun Kim, John Jerell and all previous and present flavor lab 
members who taught me to use of equipment and helped me to understand the concept of flavor 
chemistry. I would like to thank faculty and staff of the Department of Food Science and Human 
Nutrition. I would like to thank all my friends and my labmates at the University of Illinois at 
Urbana-Champaign for their friendship, support and encouragement. Also, I would like to thank 
Repuclic of Turkey Ministry of National Education for giving me a chance to study abroad by 
funding my study and stay in the US. Lastly, my special thanks are for my family for their 
endless emotional support and giving me courage to finish my studies.  
v 
 
TABLE OF CONTENTS 
 
LIST OF FIGURES............................................................................................................... vii 
LIST OF TABLES................................................................................................................. viii 
LIST OF ABBREVIATIONS............................................................................................... x 
CHAPTER1: INTRODUCTION........................................................................................... 1 
 References..................................................................................................................5 
 
CHAPTER 2: LITERATURE REVIEW...............................................................................9 
2.1 Almond................................................................................................................ 9 
2.2 Storage of almonds and its effects on quality of almonds................................... 12 
2.3 Almond flavor..................................................................................................... 14 
2.4 Sensory properties of almonds............................................................................. 19 
2.5 Volatile formation in nuts.................................................................................... 20 
2.6 Methods for measuring the oxidation in almonds............................................... 23 
2.7 Tables and figures............................................................................................... 25 
2.8 References ........................................................................................................... 44 
 
 
CHAPTER 3: IDENTIFICATION OF PREDOMINANT AROMA COMPONENTS                 
OF RAW, DRY ROASTED AND OIL ROASTED ALMONDS......................................... 54 
3.1 Abstract................................................................................................................ 54 
3.2 Introduction.......................................................................................................... 55 
3.3 Materials and methods.........................................................................................57 
3.4 Results and discussion ........................................................................................ 62 
3.5 Conclusions .........................................................................................................71 
3.6 Tables................................................................................................................... 73 
3.7 References ........................................................................................................... 83 
 
CHAPTER 4: OXIDATIVE STATE OF NUT ON AROMA QUALITY OF  
RAW ALMONDS AND AROMA PROFILE OF ROASTED  
ALMONDS UPON LONG TERM STORAGE.................................................................... 92 
4.1 Abstract................................................................................................................ 92 
4.2 Introduction.......................................................................................................... 93 
4.3 Materials and methods.........................................................................................95 
4.4 Results and discussion..........................................................................................101 
4.5 Conclusions.......................................................................................................... 112 
4.6 Tables and figures................................................................................................ 114 
vi 
 
4.7 References ........................................................................................................... 138 
 
 
CHAPTER 5: SUMMARY, CONCLUSION, IMPLICATIONS AND SUGGESTIONS  
FOR FUTURE RESEARCH................................................................................................. 147
vii 
 
LIST OF FIGURES 
 
Figure 2.1 Life cycle and harvest process of almonds.................................................... 43 
Figure 4.1 Total concentrations of positively identified compounds  
at different storage temperatures for (a) stored-raw (SR) and  
(b) stored-raw-then-roasted (SRTR) almonds.............................................. 136 
 
Figure 4. 2  2-Pentylfuran content in stored-raw (SR) and stored-raw-then-roasted  
(SRTR) almonds............................................................................................ 137
viii 
 
LIST OF TABLES 
 
Table 2.1 Composition of raw, dry roasted and oil roasted almonds.............................25 
Table 2.2 Previously reported volatile compounds in raw almonds.............................. 26 
Table 2.3 Previously reported volatile compounds in dry roasted almonds.................. 29 
Table 2.4 Previously reported volatile compounds in oil roasted almonds................... 35 
Table 2.5 Previously reported volatile compounds in almond oil................................. 37 
Table 2.6 Detailed information on previously used methods for measuring the lipid 
oxidation in almonds and almond 
oil....................................................................................................................39 
Table 3.1 Predominant aroma-active compounds identified in raw, dry roasted  
and/or oil roasted almonds by gas chromatography-
olfactometry................................................................................................... 73 
Table 3.2 Flavor dilution factors of predominant aroma-active compounds  
of raw, dry roasted and oil roasted almonds based on chemical 
groups............................................................................................................. 76 
Table 3.3 GC-MS calibration table for positively identified aroma-active  
compounds in raw, dry roasted and oil roasted 
almonds.......................................................................................................... 78 
Table 3.4 Concentrations of positively identified aroma-active compounds 
   of raw, dry roasted and oil roasted almonds.................................................. 80 
Table 3.5 Odor-activity values (OAVs) of positively identified aroma-active  
compounds in raw, dry roasted and oil roasted 
almonds.......................................................................................................... 81 
Table 4.1 Experimental design and sampling times for storage of almonds................. 114 
Table 4.2 Predominant aroma-active compounds identified in stored raw  
and stored-raw-then-roasted (SRTR) almonds by gas chromatography-
olfactometry................................................................................................... 115 
Table 4.3 Flavor dilution (FD) factors of predominant aroma-active compounds  
of stored raw almonds based on chemical groups......................................... 118 
Table 4.4 Flavor dilution (FD) factors of predominant aroma-active compounds  
of stored-raw-then-roasted (SRTR) almonds based on chemical groups...... 120 
ix 
 
Table 4.5 GC-MS calibration table for positively identified aroma-active  
compounds in stored raw and stored-raw-then-roasted (SRTR) 
almonds.......................................................................................................... 124 
Table 4.6 Concentrations (ng/g) of positively identified aroma-active compounds 
in stored raw almonds ................................................................................... 126 
Table 4.7 Concentrations (ng/g) of positively identified aroma-active compounds  
of stored-raw-then-roasted (SRTR) almonds................................................. 127 
Table 4.8 Total concentrations (ng/g) of aroma-active compounds of stored  
raw almonds based on chemical groups.........................................................130 
Table 4.9 Total concentrations (ng/g) of aroma-active compounds of  
stored-raw-then-roasted (SRTR) almonds based on chemical groups........... 131 
Table 4.10 Literature references for odor-detection thresholds of positively  
identified aroma-active compounds in stored raw and  
stored-raw-then-roasted (SRTR) almonds..................................................... 132 
Table 4.11 Odor-activity values (OAVs) of predominant aroma-active compounds  
of stored raw almonds.................................................................................... 133 
Table 4.12 Odor-activity values (OAVs) of predominant aroma-active compounds  
of stored-raw-then-roasted (SRTR) almonds ................................................134 
 
 
 
 
 
 
 
 
 
x 
 
LIST OF ABBREVIATIONS 
2PF   2-pentylfuran 
AEDA  aroma extract dilution analysis 
ANOVA  analysis of variance 
Conc  concentration 
CVD  cardiovascular diseases 
FD   flavor dilution 
GC-MS  gas chromatography-mass spectrometry 
GCO   gas chromatography-olfactometry 
IEF  isolation efficiency factor 
RI   retention index 
SAFE   solvent-assisted flavor evaporation 
SR   stored-raw 
SRTR   stored-raw-then-roasted 
OAV   odor-activity value 
 
 
1 
 
CHAPTER 1 
INTRODUCTION 
Almond is commercially one of the most important crops in the US. Approximately 83% 
of the almonds in the world are produced in the US and the production of almonds has been 
steadily increasing for decades (ABC 2014). Almonds have wide application throughout the food 
industry and are popular with consumers. Whole almonds are consumed as snacks in raw, oil 
roasted or dry roasted forms. In recent years, there are many published reports on the potential 
health benefits of almond consumption (Kamil and Chen 2012).  There is a health claim 
approved by FDA states that the consumption of almonds might reduce the risk of cardiovascular 
diseases (2003). This might be one reason for the popularity and demand for almonds among 
consumers. In 2013, almonds were the top snack in the US among the other nuts (peanut 
included) in snack awareness measurement (ABC 2014).  
With the increasing popularity of almonds, studies focusing on almond flavor have also 
increased. For instance, the first two studies on volatile compounds in roasted almond were 
published in 1974 (Takei and Yamanishi 1974, Takei, Shimada, Watanabe and Yamanishi 1974). 
After these reports, there were no publications on volatile components in roasted almonds until 
the 2000s. Since then there were several reports published on this subject (Vázquez-Araújo, 
Enguix, Verdú, García-García and Carbonell-Barrachina 2008, Agila and Barringer 2012, Yang 
et al 2013, Xiao et al 2014, Valdés, Beltrán, Karabagias, Badeka, Kontominas and Garrigós 
2015). Only two of these studies (Agila and Barringer 2012, Valdés et al 2015) included oil 
roasted almonds in their reports. Furthermore, studies that focused on raw almond volatiles were 
only published in recent years (Wirtherson, Chin, Franks, Baldock, Ford and Sedgley 2008, 
Mexis, Badeka, Chouliara, Riganakos and Kontominas 2009, Beck, Mahoney, Cook and Gee 
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2011, Agila and Barringer 2012, Manzano, Diego, Bernal, Nozal and Bernal 2014, Xiao et al 
2014, Valdés et al 2015). The majority of the above focused on the analysis of headspace 
volatiles and the identification of compounds was based on mass spectra and/or gas 
chromatographic (GC) retention indices. There is no published data available on predominant 
aroma components in raw, dry roasted and oil roasted almonds in which compounds were 
identified based on also their odor properties by GC-olfactometry (GCO).  
On the other hand, increased production of almonds may cause the need for storage of raw 
and roasted almonds until consumption. Almonds contain a high amount of polyunsaturated fatty 
acids which are prone to lipid oxidation during long term storage. Labavitch (2014) suggested an 
optimum storage period for shelled whole almonds of 10 months at 0°C, 8 months at 10°C and 4 
months at 20°C. Improper and/or prolonged storage of nuts can cause quality deterioration due to 
development of rancidity, change in color, and loss of desirable flavors and nutrients (Shahidi, 
John and Harris 2013). Few studies have focused on changes in the volatile profiles of raw 
almonds during long-term storage (Mexis, Badeka & Kontominas 2009, Mexis and Kontominas 
2010). However; there is no data available on the aroma profile changes that occur almonds 
during long-term storage.  
In roasted nuts, flavor fade during storage is caused by an increase of lipid oxidation products 
and a decrease of desirable roasted aroma compounds such as pyrazines (Bett and Boylston 
1992). For this reason, most storage studies focused on storing the almonds after roasting (Lee, 
Xiao, Zhang, Ebeler & Mitchell 2014, Yang et al 2013). However, storing the raw almonds and 
roasting them afterwards might be a solution to help reduce the problem of flavor fade. Lipid 
oxidation products in raw almonds might play a role in Maillard reaction during roasting of aged 
almonds. According to Zamaro and Hidalgo (2005), lipid oxidation compounds might modify the 
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Maillard reaction by reacting with other intermediates to produce various other volatile 
compounds. To our knowledge, there is no flavor study conducted on almonds which have been 
stored for a certain amount of time prior to roasting to investigate the effect of lipid oxidation 
products in aged almonds on the roasted aroma of almonds.  
 The main objectives of this study were to identify predominant aroma-active compounds 
in almonds and to observe the effect of oxidative state of raw almonds on roasted aroma. The 
central hypothesis of this study is that lipid oxidation products formed (and possibly other 
chemical changes) during storage of raw almonds cause formation of new aroma-active 
compounds upon roasting the stored almonds. To achieve the above goals three specific aims 
were accomplished in this project.  
In Chapter 3, for the first specific aim of this study, predominant aroma-active 
compounds of raw, dry roasted and oil roasted almonds were identified by combined gas 
chromatography-olfactometry (GCO), aroma extract dilutions analysis (AEDA) and GC-mass 
spectrometry (GC-MS).  For the second specific aim, concentrations of positively identified 
aroma components were semi-quantitated and their odor-activity values (OAVs) were obtained.  
In Chapter 4, for the third specific aim, raw almonds were stored and analyzed 
periodically for the identification of predominant aroma compound formed during storage. It was 
hypothesized that these compounds would be mainly lipid oxidation products. The fourth 
specific aim was to identify predominant aroma compounds formed by roasting of aged almonds.  
The hypothesis was that lipid oxidation products from aged almonds would be involved in, and 
thus increase the formation of Maillard reaction aroma-compounds during roasting.  
This is the first comprehensive study of the aroma-active compounds in raw, dry roasted 
and oil roasted almonds by GCO.  High-, intermediate- and semi-volatile predominant aroma 
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compounds were extracted and identified using state-of-the-art techniques that have never been 
applied for the study of almond flavor.  Furthermore, this is the first study to observe 
predominant aroma compounds during almonds during long-term storeage at various 
temperatures. Finally, this is the first study to investigate the effect of oxidative state of the raw 
nut on the aroma profile of formed during roasting. The findings for this part of the project 
provide information on the involvement of lipid oxidation products on Maillard reaction and 
provide some insights about the effects of the quality of raw products on the aroma-properties of 
the final processed or roasted product.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1.  Almond 
2.1.1. History of almond and nomenclature 
Almond has been cultivated since 3000 BC (Spiegel-Roy 1986) and was used as staple food 
even before cereals and grains (Dreher, Maher & Kearney 1996). The almond tree originated in 
Central Asia where the natural trees can be still found. The almond tree is spread throughout the 
Mediterranean region, Europe (350 BC) and Africa (5
th
 century) (Kester, Gradziel & Grasselly 
1990). It was introduced to the Americas around 16
th
 century (Oliveira, Miguel & Costa 2008).  
Even though almond has been cultivated for thousand years, the first nomenclature was 
decided upon in 1768 as Prunus dulcis L. In 1984, the official nomenclature for almonds was 
changed to Prunus dulcis (Mill) D.A. Webb of the Rosaceae family (Oliviera et al 2008). Prunus 
amygdalus, Prunus dulcis, Amygdalus communis, Amygdalus dulcis are used as synonyms.  
Prunus species also includes apricots and peaches. The major cultivar in California is 
‘Nonpareil’ type with 38% cultivation followed by both Monterey and Carmel varieties with 
15% cultivation (ABC, Almanac 2015). 
2.1.2. Processing and regulation 
In California almond trees bloom in February and March and pollination is achieved by 
bringing bees to the orchards. Between March and June almond kernels form and in July hull slit 
starts. Almond harvest time is between mid-August and October. After harvest, almonds are 
shelled and sized. After that, they are kept in storage until further processing (Figure 2.1). 
Almonds which are planned for raw consumption are subjected to the pasteurization process. 
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Because Salmonella outbreaks in 2001 and 2004 were linked to raw almonds, the Almond Board 
of California started a voluntary pasteurization program for almonds in 2004. In 2007, USDA 
approved almond pasteurization which results in 4-log reduction of Salmonella. The Food and 
Drug Administration (FDA) approved a couple of ways to pasteurize almonds: Steam treatment, 
propylene oxide (PPO) treatment, blanching, dry roasting and oil roasting. Steam and PPO 
treated California almonds may be labeled as raw almonds. In this dissertation ‘whole natural 
almonds’ and ‘raw almonds’ refer to PPO treated almonds. During blanching almond skins are 
removed. Blanched almonds are generally used in baked and confectionary products. Dry 
roasting and oil roasting of almond result in changes in color, flavor, taste and structure. 
Generally practiced parameters which were approved by the Almond Board of California's 
Technical Expert Review Panel (TERP) for blanching, dry roasting and oil roasting are 180 -190 
°F (82-88°C) for 2.47-1.60 minutes, 265-310°F (129-154°C) for 10-55 minutes and 280-350°F 
(138-176°C) for 3-15 minutes, respectively (ABC, Validation Guidelines). 
2.1.3. Commercial importance and health benefits 
Almond is commercially one of the most important products among tree nuts. In 2014, 
almond was in first place in world tree nut production followed by walnuts and pistachios. The 
United States is the top producer of tree nuts and almonds (INC 2015). Almonds and almond 
products have numerous applications in the food industry. Whole almonds are consumed as both 
raw and roasted forms as snacks. Whole unblanched, blanched, sliced and ground almonds are 
used in confectionary and bakery products. Because it does not contain gluten, almond and its 
products are used in gluten-free food products, especially those intended for celiac disease 
patients. With its rich nutritious content, it is also an important food source in vegan and 
vegetarian diet. Furthermore, almond milk may be consumed as an alternative to cow’s milk for 
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people who have a milk allergy and/or lactose intolerance. Almond consumption has grown in 
recent years due to current studies focusing on the potential health benefits of almonds. 
According to several studies, almond consumption may reduce low-density lipoprotein (LDL) 
cholesterol concentration and because of its low glycemic index, it does not negatively affect 
insulin sensitivity (Chen, Lapsley & Blumberg 2006). Wien et al (2010) found that a diet 
enriched with almonds may help to enhance insulin sensitivity and reduce cardiocascular 
diseases (CVD) risk in individuals with prediabetes. In a recent study, it was indicated that long 
term intake of almonds showed hypophagic and nootropic effects in rats (Haider, Baatool & 
Haleem 2012). In a study about polyphenol content among the richest dietary sources of 
polyphenols in 100 foods, almonds placed 40
th
 (Pérez-Jiménez, Neveu, Vos & Scalbert 2010).   
In 2003, the FDA approved a health claim on almonds and other nuts (hazelnuts, peanuts, 
pecans, some pine nuts, pistachio nuts, and walnuts). The nut forms as explained by the FDA 
may be labeled as follows: “Scientific evidence suggests but does not prove that eating 1.5 
ounces per day of most nuts [such as name of specific nut] as part of a diet low in saturated fat 
and cholesterol may reduce the risk of heart disease. [See nutrition information for fat content]” 
(FDA 2003). 
2.1.4. Almond composition 
According to USDA database 100 grams of raw almonds contain 4.41 g of water, 21.15 g 
of protein, 49.93 g of total fat, 21.55g of carbohydrates and 2.97 g of ash. Total fat consists of 
3.80 g of saturated, 31.55 g of monounsaturated and 12.33 g of polyunsaturated fatty acids. 
Major unsaturated fatty acids are oleic and linoleic acids. Raw almonds contain 12.5 g of fiber 
and 4.2 g of total sugar. Raw almonds also contain minerals such as calcium, iron, magnesium, 
phosphorus, potassium, sodium, zinc, copper, manganese and selenium. Vitamin E (alpha-
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tocopherol) is the major vitamin in raw almonds and there are also trace amount of other 
tocopherols (beta, gamma and delta), thiamin, riboflavin, niacin, pantothenic acid, Vitamin B-6, 
folate, choline, betaine, alpha and beta-carotenes, lutein and zeaxanthin. Major amino acids are 
glutamic acid, aspartic acid and arginine. Other amino acids are also present at lower amounts. 
Raw almonds contain plant sterols such as beta-sitosterol, stigmasterol and campesterol; cyanidin 
as flavonoid; flavon-3-ols such as epigallocatechin, catechin, epicatechin, eriodictyol and 
naringenine; flavones and proanthocyanidin (USDA 2013). 
One hundred grams of dry roasted almonds contains 2.41 g of water, 20.96 g of protein, 
52.54 g of total fat (which includes 4.09 g of saturated, 33.07 g of monounsaturated and 12.96 g 
of polyunsaturated fatty acids), 21.01 g of carbohydrates and 3.07 g of ash. Dietary fiber is 10.9 
g and total sugar is 4.86 g in dry roasted almonds. One hundred grams of oil roasted almonds 
contains 2.80 g of water, 21.23 g of protein, 55.17 g of total fat (which includes 4.21 g of 
saturated, 34.80 g of monounsaturated and 13.52 g of polyunsaturated fatty acids), 17.68 g of 
carbohydrates and 3.13 g of ash. Dietary fiber is 10.5 g and total sugar is 4.55 g in oil roasted 
almonds (Table 2.1) (USDA 2013). The phenolic contents of roasted almond are not available in 
the USDA database. Monagas et al (2009) investigated flavan-3-ol content and antioxidant 
activity of dry roasted almond skin. Based on their study, almond skin phenolics consisted of 
89% of monomeric flavan-3-ols and polymeric flavan-3-ols were mainly B-type 
proanthocyanidins.  
2.2.  Storage of almonds and its effects on quality of almonds 
Due to the short harvest time each year and the high production, almonds are stored in raw 
and roasted forms until distribution and consumption. Raw almonds have a relatively longer 
shelf-life than roasted almonds. Almonds contain natural antioxidants, e.g. tocopherols, which 
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delay oxidation of raw almonds. They also have a compartmented microstructure which captures 
lipid globules in a cytoplasmic network which limits oxygen transfer.  Furthermore, this structure 
might provide separation of lipid-degrading enzymes and lipid oleosomes. Upon roasting, this 
structure is damaged and lipids are exposed to oxygen (Perren and Escher 2007).  
Quality deterioration in stored almonds is mostly caused by autoxidation, enzymatic 
oxidation and photo-oxidation. There are several of factors that influence the oxidation of nuts, 
such as oxygen and moisture content, relative humidity, temperature, light, physical 
characteristics of nuts, fatty acid composition and processing of nut (Shahidi, John & Harris 
2013). 
The effects of long-term and accelerated storage on quality of raw and roasted almonds 
were evaluated by several researchers. Harris, Westcott & Henick (1972) stored roasted almonds 
at -18°C and 38°C and found that they were unacceptable after 6 and 3 months, respectively, 
because of the development of rancidity. Guadagni, Soderstromn & Storey (1978) stored raw 
almonds at 18.5°C and 27°C for 12 months under controlled and normal flowing atmosphere. 
Until 6 moths, there was no significant difference in off-flavor by sensory analysis. Lowest 
acceptability rate were given to samples stored at 27°C at normal air flow atmosphere after 6 
month.  Zacheo, Cappello, Gallo, Santino & Cappello (2000) stored 4 different varieties of 
unshelled almonds for 2 years in the dark at room temperature. No significant difference was 
detected by sensory analysis among almonds stored for 6, 12 and 18 moths. At 24 months, slight 
to moderate rancidity was detected. During the first 12 months no significant difference was 
detected in lipid, α-tocopherol and protein content and in lipoxygenase activity; however, 
afterwards the lipoxygenase activity increased while lipid, protein and α-tocopherol decreased. 
Researchers indicated that lipoxygenase activity might play an active role in lipid oxidation and 
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facilitated the formation ofhydroperoxides, free radicals and their secondary products by 
enzymatic and chemical rearrangements.  
García-Pascual, Mateos, Carbonell & Salazar (2003) stored shelled raw and coated then 
roasted almonds at 8°C for 9 months and at 36°C for 4 months. There was a significant 
relationship between decrease of α-tocopherol content and increase in peroxide value throughout 
the storage. Roasted almonds showed higher increase rates in peroxide value than raw almonds. 
Lin et al  (2012) stored natural whole almonds at various temperature-relative humidity (RH) and 
packaging environment for 330 days and measured peroxide value (PV), iodine value and free 
fatty acid (FFA) content. The PV did not change significantly and the IV increased until 150
th
 
day, and then remained unchanged. The FFA content increased with increasing storage time. 
Yang et al (2013) analyzed roasted almonds stored at 37°C for 8 months and suggested that 
hexanal and nonanal content of stored almonds might be better indicators for quality of almonds 
due to lipid oxidation than peroxide value. 
Labavitch (2014) suggested that while optimum storage period for in-shell almonds were 
20 months at 0°C, 16 months at 10°C and 8 months at 20°C, for shelled whole almonds the 
optimum storage times were nearly half as long at the same storage temperatures. Furthermore, 
Raisi, Ghorbani, Mahoonak, Kashaninejad, & Hosseini (2015) stored whole almonds at different 
temperature and atmospheric condition and suggested that the most stable storage conditions 
against oxidation were storage at 4°C under vacuum.  
2.3.  Almond flavor  
2.3.1. Flavor chemistry of raw almonds 
Raw almonds are considered to be vulnerable to lipid oxidation due to their high content 
of unsaturated lipids (~43% unsaturated fatty acids, USDA 2013). For this reason, lipid oxidation 
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products have the predominant volatiles reported in studies on raw almond flavor (Table 2.2).  
Wirtherson, Chin, Franks, Baldock, Ford & Sedgley (2008) identified 2,3-butanediol, 
benzaldehyde and benzyl alcohol by solid-phase microextraction (SPME) in raw sweet almond 
kernels for the first time. Mexis, Badeka, Chouliara, Riganakos & Kontominas (2009) 
investigated headspace volatiles of raw unpeeled almonds before irradiation treatment in Greece.  
They identified a total of 13 compounds including aldehydes, ketones, alkenes, alcohols and 
cyclic hydrocarbons. Main compounds were benzaldehyde, pentane, hexane, acetone and 2,2-
dimethylbutane. Irradiation of raw almonds resulted in formation of lipid oxidation products 
such as acetaldehyde, hexanal, nonanal, decanal, 2-butanone and 2-propanone. Beck, Mahoney, 
Cook & Gee (2011) investigated volatiles of raw unpeeled and blanched almonds contaminated 
by naturally occurring fungi in California almonds. A total of 23 headspace compounds were 
identified and hexanal, hexanoic acid, nonanal and butyrolactone were compounds of interest. 
Increased amounts of fatty acid decomposition products such as hexanal, heptanal, octanal, 
nonanal, 3-octen-2-one, tetramethylpyrazine and decanal were found in blanched almonds. Agila 
and Barringer (2012) quantitated selected headspace volatiles in ground raw almonds using 
selected ion flow tube mass spectrometry mass spectrometry (SIFT-MS).  Volatiles reported at 
the highest concentrations were aldehydes and alcohols, including methanol, ethanol, toluene, 
benzaldehyde and 1-butanol. These researchers indicated that ethanol and methanol did not 
contribute the aroma. In a recent study, Xia et al (2014) applied headspace/solid-phase 
microextraction/gas chromatography-mass spectrometry for the analysis of volatiles in raw 
almonds (HS-SPME-GC-MS) and reported that the predominant compounds were benzaldehyde, 
hexanal and 1,2-propanediol. Manzano, Diego, Bernal, Nozal & Bernal (2014) developed a two-
dimensional HS–GC×GC–flame ionization detector (FID) system to analyze volatiles in food 
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and applied this method to the analysis of almonds. They found that aldehydes and alcohols were 
main volatiles in raw almonds. Valdés, Beltrán, Karabagias, Badeka, Kontominas & Garrigós  
(2015) analyzed the oxidative stability of commercially obtained raw almonds and found that 
benzaldehyde, 1,3-dimethylbenzene, nonanal, 1,2-dimethylbenzene, styrene, 3-methyl-1-butanol, 
alpha-pinene and limonene were most abundant volatiles.  
2.3.2. Flavor chemistry of dry roasted and oil roasted almonds 
Thermal treatment results in the formation of new compounds in foods. According to the 
reports on volatiles of roasted almonds, roasting resulted in formation of mainly Maillard 
reaction, lipid and sugar degradation product in almonds (Table 2.3 and 2.4). The first known 
study about volatile compounds of roasted almonds was published in 1974 (Takei and Yamanishi 
1974). Acetone extraction-vacuum carbon dioxide distillation technique followed by GC-MS 
analysis was used to identify compounds of basic fraction. Seventeen pyrazines and 2-
formylpyyrole were identified. Later, Takei, Shimada, Watanabe & Yamanishi (1974) used the 
same procedure to identify basic, carbonyl and non-carbonyl fraction volatiles in roasted almond. 
In addition to pyrazines from their previous work, they identified 25 new volatile compounds (10 
furanic compounds, 5 pyrroles and 10 others). Additionally, methanol extraction was used to 
identify water soluble compounds and 2,5-dimethyl-4-hydroxy-3(2H)-furanone (furaneol) was 
indicated as the main contributor of the aroma of roasted almond.  
Vázquez-Araújo, Enguix, Verdú, García-García & Carbonell-Barrachina (2008) 
investigated aroma compounds of roasted almonds from 3 different cultivars (Marcona, Comuna 
and California). Roasted almonds were extracted by steam distillation extraction (SDE) then 
analyzed by GC-MS. A total of 58 compounds consisting of ketones, aldehydes, pyrazines, 
alcohols, aromatic hydrocarbons, furans, pyrroles, terpenes and linear hydrocarbons were 
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identified. Due to positive correlation between toasted flavors and sensory attributes, they 
concluded that pyrazines, furans and pyrroles were main contributor of the aroma.  
Agila and Barringer (2012) analyzed oven roasted and microwave roasted and oil roasted 
almonds using selected ion flow tube mass spectrometry (SIFT-MS). Alcohols and aldehydes 
were the main volatiles in roasted almonds followed by pyrazines, alkanes, ketones, oxygen and 
nitrogen containing heterocyclic compounds. Oil roasted samples had lower concentrations than 
oven and microwave roasted ovens.  
Yang et al (2013) analyzed almond that were roasted by three different methods; infrared 
(IR), sequential infrared and hot air (SIRHA) and regular hot air (HA). They indicated that in all 
roasting techniques, compounds from aldehydes, alcohols and pyrazines (benzaldehyde, 
phenylacetaldehyde, hexanal, nonanal, 2-phenylethanol and 2,5-dimethyl-3-ethylpyrazine) were 
main volatiles.  
Xiao et al (2014) analyzed headspace volatiles of roasted almonds and found that 
seventeen volatiles from ketones, aldehydes, pyrazines, alcohol, aromatic hydrocarbons, furans 
and pyrroles were formed during roasting. Also, concentrations of branched-chain aldehydes, 
alcohols, sulfur-containing compounds and heterocyclic compounds were significantly increased 
upon roasting. 1-(methylthio)-2-propanol was the main volatile which was not reported in 
almonds before.  
Manzano et al (2014) found that by roasting number of compounds has increased 
(aldehydes and pyrazines) and abundance of 2-methyl-1-butanol, 1-hexanol, benzaldehyde and 
phenylacetaldehyde has decreased. 2,5-dimethylpyrazine was the most abundant compound in 
roasted almonds.  
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Valdés et al (2015) analyzed commercially available roasted and fried (oil roasted) 
almonds. While the most abundant compounds in roasted almonds were the Maillard reaction 
products such as pyrazine, pyrroles and furans, aldehydes such as (E,Z)-2,4-decadienal, (E,E)-
2,4-decadienal, hexanal, octanal and nonanal were the most abundant volatiles in fried almonds.   
2.3.3. Flavor chemistry of almond oil 
Volatile compounds identified in almond oil were also mainly formed via the degradation 
of lipids (as in raw almonds) (Table 2.5). The first study on volatile profile of almond oil was 
published in 1993 by Pićurić-Jovanović and Milovanović (1993). They analyzed headspace of 
almond oil and detected 20 compounds which were derivatives of benzene, n-alkanes, 
cycloalkanes, aromatics and furan. The main compounds with high concentrations were methyl 
benzene, benzaldehyde and benzyl alcohol. Using simultaneous distillation solvent extraction, 
Caja, del Castillo, Alvarez, Herraiz & Blanch (2000) identified benzaldehyde, (E,E)-2,4-
decadinal, hexanal, decadienal and nonanal in a commercial almond oil. Sanahuja, Santonja, 
Teruel, Carratalá & Selva (2011) analyzed almond oil form 3 different cultivars (Butte, Guara 
and Marcona) using the HS-SPME-GC-MS technique and identified a total of 22 compounds, 
including aldehydes, alkanes, alcohols and aromatic hydrocarbons.  
2.3.4. Flavor chemistry of aged raw and roasted almonds 
There are limited studies on volatile formation during long-term storage of almonds. Mexis, 
Badeka & Kontominas (2009) and Mexis and Kontominas (2010) found that storage of whole 
kernel and raw ground almonds for 12 months at 20°C resulted in an increase in lipid oxidation 
volatiles such as aldehydes, ketones, alcohols, alkenes and aromatic hydrocarbons. Moreover, 
they detected formation of 2 -butanone, 1-hexanol, heptanal, heptane, octanal, 1-octanol and 
nonanal as secondary oxidation products in stored almonds. Lee, Xiao, Zhang, Ebeler & Mitchell 
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(2014) analyzed roasted almonds stored at 25°C and 35°C for 24 weeks and found that majority 
of aldehydes, alcohols, pyrazines, heterocyclic and sulfur-containing compounds decreased 
during storage. On the contrary, 2-octanone, 2-nonanone, 3-octen-2-one, 2-decanone, (E)-2-
decenal, 2,4-nonadienal, pentyl oxirane and acetic acid increased. Yang et al (2013) analyzed 
roasted almonds stored at 37°C for 8 months and found that aldehydes, alcohols and ketones 
increased, whereas most pyrazines decreased during storage. 
There are also few studies on the effects of accelerated storage conditions on the volatile 
profile of almond. Salcedo and Nazerano (2015) stored raw ground almonds and analyzed 
secondary oxidation products at 100°C for 24 hours.  The main volatile compounds were 
identified as hexanal, 2-octenal, 2-heptenal, nonanal, 2-undecenal, 3-decen-1-ol, pentanal, 2,4-
decadienal and 2-undecenal. Valdés et al (2015) analyzed raw and roasted almonds under 
accelerated aging conditions (at 100°C for 10 days). Based on their results, 1-pentanol increased 
and additional aldehydes, ketones, pyrazines and 2-pentylfuran were formed by oxidative 
reactions in raw almonds. In aged roasted almonds, ketones, pyrazines, furans and aldehydes 
were the main volatile compounds. Pyrazines, furans and pyrroles increased during the first 5 
days then decreased thereafter in the roasted-the-stored almonds. 
2.4.  Sensory properties of almonds 
The most comprehensive almond lexicon study was published by Civille, Lapsley, 
Huang, Yada & Seltsam (2010). Twenty different almond varieties were evaluated. A total of 86 
terms were generated to describe the appearance (15), aroma (9), flavor (36) chemical taste and 
feeling (7) and texture (19) attributes. 
Sensory properties of almonds were also used to analyze quality of roasted almonds to 
obtain optimum conditions for roasting (Agila and Barringer 2012, Vázquez-Araújo, Verdú, 
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Navarro, Martínez-Sánchez & Carbonell-Barrachina 2009) Furthermore, sensory analyses have 
been used to determine oxidative quality of stored raw and roasted almonds (Harris et al 1972, 
Guadagni et al 1978, Zacheo et al 2000, Sanchez-Bel 2011, Yang et al 2013).  
2.5.  Volatile formation in nuts 
2.5.1. Natural formation of volatiles 
Flavor compounds in plants are formed via biosynthesis and derived from fatty acids, 
amino acids and carbohydrates. Furanones, pyrones and terpenoids originated mainly from 
carbohydrates. Fatty acid derived alcohols, aldehydes, ketones, acids, esters and lactones are 
formed by the lipoxygenase pathway, α- and β-oxidations. Some acids, alcohols, aldehydes, 
esters, lactones, nitrogen and sulfur containing compounds, phenylpropenes and other aromatic 
compounds are derived from amino acids (Schwab, Davidovich‐Rikanati & Lewinsohn 2008). 
Lipid-derived volatile compounds are predominant because of the high concentration of 
unsaturated fatty acids in almonds.  Upon harvest, nuts develop oxidative rancidity. Chemical 
composition and post-harvest environment factors also affects formation of these volatiles 
(Cadwallader and Puangpraphant 2009). Lipid oxidation in plants (such as almonds) is mainly 
caused by enzymatic activity of lipoxygenase. The main substrates of lipoxygenases are linoleic 
and linolenic acids. The enzyme catalyzes the oxygenation of polyunsaturated fatty acids that 
have (Z,Z)-1,4-pentadine structure and fatty acid hydroperoxides are formed  (Gardner 1991). 
These hydroperoxides are either further metabolized by other enzymes or they take part in the 
autoxidation of lipids or formation of secondary lipid oxidation products. In various plants, 
alcohols, aldehydes and ketones are formed by lipoxygenase pathway (Hsieh 1994). 
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2.5.2. Volatile formation during roasting 
Thermal treatment of nut results in generation of new compounds which are responsible 
for the typical roasted aroma. Formation of flavor compounds upon heat treatment is caused by 
three interconnected pathways: Maillard reaction, lipid degradation and the breakdown of sugars. 
The Maillard reaction involves the reaction of carbonyls (aldehydes and ketones) and reduced 
sugar with amines, peptides, amino acids and proteins (Hodge 1955). As a result, a wide variety 
of compounds are generated. For example, furanes, pyrenes, cyclopentenes, carbonyls and acids 
are sugar degradation products, aldehydes and sulfur compounds are formed from amino acids, 
and pyrroles, pyridines, imidazoles, pyrazines, oxazoles, thiazoles and ex-aldol condensation 
compounds are formed by further interactions (Nursten 1981). During the Maillard reaction, 
compounds from Amadori (1-amino-1-deoxy-2-ketose) and Heynes (2-amino-2-deoxyaldoese) 
arrangements form the dehydration sugar and play important roles as flavor precursors for 
furfurals and dicarbonyls (Mottram 1993). Amadori arrangement and Strecker degradation 
involves cause the formation of α-dicarbonyl, α -hydroxycarbonyl, 2-amino carbonyls and 2-
(amino acid)-carbonyl compounds (Yaylayan 2003). Strecker degradation occurs by deamination 
and decarboxylation of an amino acid in the presence of dicarbonyls resulting in an aldehyde 
having one less carbon than the original amino acid, e.g., 2-methylbutanal from isoleucine, 3-
methylbutanal from leucine, phenylacetaldehyde from phenylalanine (Whitfield and Mottram 
1992).  
Foods containing unsaturated fatty acids undergo lipid oxidation. In roasted nuts, since 
lipoxygenase enzyme is deactivated, autoxidation becomes the main pathway of lipid 
degradations (St. Angelo, Kuck & Ory 1979). In autoxidation of unsaturated fatty acids, a 
hydrogen atom is removed from the methylene group adjacent to the double bond and radicals 
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(hydroperoxides) are formed. Oleic and linoleic acid yield to four hydroperoxydes and linoleic 
acid yields to seven hydroperoxides. These hydroperoxydes later involves in formation of 
alkenes, aldehydes, ketones, alcohols, esters and acids (Whitfield and Mottram 1992).  Some 
desirable aldehydes and ketones are produced by autoxidation of lipids upon roasting and 
contribute the flavor of roasted nuts (Cadwallader and Puangpraphant 2009). Also, lipid-derived 
carbonyls can react with amino acids and participate in the Maillard reaction (Zamora and 
Hidalgo 2011).  
In addition to their involvement in Maillard reaction, compounds directly generated by 
thermal degradation of sugars may also contribute the flavor of roasted nut. Several compounds 
such as aldehydes, ketones, furans, oxygenated furans, acids and aromatics were identified by 
heating glucose (Fagerson 1969).  
2.5.3. Volatile formation during oil roasting (deep frying)  
Roasting of almonds is commercially done by either dry roasting or oil roasting.  The two 
methods differ in the heating medium in which flavor generation occurs. During frying, volatiles 
and non-volatiles are formed by hydrolysis, oxidation and polymerization of the frying oil (Choe 
and Min 2007). Volatiles such as alkanes, alkenes, saturated and unsaturated aldehydes, ketones, 
methyl ketones, lactones and pentyl furans are formed during deep fat frying (Perkins and 
Erickson 1996). Van Loon, Linssen, Legger, Posthumus & Voragen (2005) indicated that deep 
fat frying caused the generation of more volatiles from sugar degradation and/or Maillard 
reaction than by lipid-derived degradation. Agila and Barringer (2012) found that the total 
concentration of Maillard reaction volatile compounds exceeded the total concentration of lipid 
oxidation volatile compounds in both oven roasted and oil roasted almonds. 
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2.5.4. Volatile formation during storage 
During the storage of a high fat food, volatiles are mainly formed by degradation of 
lipids. As a result, desirable compounds may decrease and undesirable compounds may increase. 
Mexis and Kontominas (2010) found that storage of whole kernel almonds resulted in increase in 
lipid oxidation volatiles such as aldehydes, ketones, alcohols, alkenes and aromatic 
hydrocarbons. Bett and Boylston (1992) found that storage caused an increase in lipid oxidation 
volatiles and decrease in pyrazines in roasted peanuts.  
2.6.  Methods for measuring the oxidation in almonds 
In foods, primary oxidation products are measured using the peroxide value method and 
by the measurement of conjugated dienes and trienes, while secondary oxidation products are 
measured using the thiobarbituric acid reactive substances (TBARS) and ρ-anisidine methods or 
by direct analysis volatile compounds (Shahidi & Zhong 2005).  Oxidation in almonds and 
almond oil has been measured by sensory evaluation, chemical and instrumental techniques 
(Table 2.6).  Harris et al (1972), Guadagni et al (1978), Zacheo et al (2000), Sanchez-Bel (2011), 
Yang et al (2013) used sensory analysis techniques to determine oxidative quality of stored raw 
and roasted almonds. Various  methods (peroxide value, iodine value, ρ-anisidine, TBARS, free 
fatty acid (FFA) content, fatty acid methyl esters (FAME), total lipid content, total volatile 
compounds, hexanal content, conjugated dienes and trienes, triglyceride oligopolymers and 
oxidized triglycerides) have been used to determine oxidation levels in stored almonds by other 
researchers (García-Pascual 1993, Harris et al 1972, Lin et 2012, Mexis et al 2009, Mexis and 
Kontominas 2010, Raisi et al 2015, Rizzolo, Senesi and Colombo 1993, Salcedo and Nazerano 
2015, Sanchez-Bel 2011, Severini, Gomes, De Pilli, Romani & Massini 2000, Tazi, Puigserver & 
Ajandouz 2009, Uthman, Toma, Garcia, Medora, & Cunningham 1998, Valdés et al 2015,Yang 
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et al 2013, Zacheo et al 2000).  Volatile profile and/or hexanal content were also used by Mexis 
et al (2009), Mexis and Kontominas (2010), Yang et al (2013), Lee et al (2014) Salcedo and 
Nazerano (2015) and Valdés et al (2015).  
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2.7.  Tables and figures 
Table 2.1. Composition of raw, dry roasted and oil roasted almonds (g/100g) (USDA 2013) 
Almond 
Type 
Water Protein Ash CH
a, b 
Fat Sat
a 
MUFA
a 
PUFA
a 
Raw 4.41 21.15 2.97 21.55 49.93 3.802 31.551 12.329 
Dry 
Roasted 
2.41 20.96  3.07 21.01 52.54 4.092 33.076 12.955 
Oil 
Roasted 
2.80 21.23 3.13 17.68 55.17 4.208 34.793 13.519 
a 
Abbreviations; Sat: Saturated fatty acid, MUFA: Monounsaturated fatty acids, PUFA: Polyunsaturated fatty acids, 
CH:Total carbohydrate 
b 
Carbohydrate content by difference 
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Table 2.2. Previously reported volatile compounds in raw almonds  
IUPAC Name Used Name CAS No. Reference
a
 
(1S,5S)-2,6,6-Trimethylbicyclo 
[3.1.1]hept-2-ene and (1S,5S)-6,6-
Dimethyl-2-
methylenebicyclo[3.1.1]heptane 
Pinene 80-56-8 1 
(E)-Hept-2-enal E-2-Heptenal  18829-55-5 1 
(E)-Hex-2-enal E-2-Hexenal  85761-70-2 1 
(E)-Non-2-enal E-2-Nonenal 18829-56-6 1 
(E)-Oct-2-enal E-2-Octenal 2548-87-0 1, 9 
(Z)-Hept-2-enal (Z)-Hept-2-enal 57266-86-1 9 
(Z)-Hex-3-en-1-ol Z-3-Hexen-1-ol 928-96-1 1 
1-(Methylthio)propan-2-ol 1-(Methylthio)-2-propanol 6943-87-9 9 
1,2-Dimethylbenzene 1,2-Dimethylbenzene 95-47-6 7 
1,2-Dimethylbenzene; 1,3-xylene; 1,4-
xylene 
1,3-Dimethylbenzene - 7 
1,3,5-Trimethylbenzene 1,3,5-Trimethylbenzene 108-67-8 7 
1-Chloropropan-2-ol 1-Chloro-2-propanol 68584-59-8 9 
1H-Pyrrole Pyrrole  109-97-7 1 
1-Hydroxypropan-2-one 1-Hydroxypropan-2-one 116-09-6 9 
1-Methyl-4-prop-1-en-2-ylcyclohexene Limonene  95327-98-3 1,2, 7, 9 
1-Methyl-4-propan-2-ylcyclohexa-1,4-
diene (gamma) 
1-Methyl-4-propan-2-ylcyclohexa-1,3-
diene (alpha) 
Terpinene 99-85-4 
99-86-5 
1 
2,2-Dimethylbutane 2,2-Dimethylbutane 75-83-2 4 
2,3,5,6-Tetramethylpyrazine Tetramethylpyrazine 1124-11-4 2 
2,3,5-Trimethylpyrazine Trimethylpyrazine 14667-55-1 1 
2,3-Dimethylpyrazine 2,3-Dimethylpyrazine 5910-89-4 1 
2,5-Dimethylpyrazine 2,5-Dimethylpyrazine 123-32-0 1,9 
2,6-Dimethylpyrazine 2,6-Dimethylpyrazine 108-50-9 1 
2-Butylfuran 2-Butylfuran  4466-24-4 2 
2-Chloropropan-1-ol 2-Chloro-1-propanol 78-89-7 9 
2-Ethylhexan-1-ol 2-Ethylhexanol 704-76-7 3, 9 
2-Ethylpyrazine 2-Ethylpyrazine 13925-00-3 1 
2-Ethylsulfanylethanol 2-(Ethylthio)-ethanol 110-77-0 9 
2-Methoxyphenol 2-Methoxyphenol (guaiacol) 90-05-1 6 
2-Methyl-1-butanol 2-Methyl-1-butanol 137-32-6 3 
2-Methylbutanal 2-Methylbutanal 96-17-3 9 
2-Methylpropan-1-ol 2-Methyl-1-propanol 78-83-1 7, 9 
2-Methylpyrazine Methylpyrazine  109-08-0 1 
2-Pentylfuran 2-Pentylfuran 3777-69-3 2, 9 
2-Phenylacetaldehyde Phenylacetaldehyde 122-78-1 3 
2-Phenylethanol 2-Phenylethyl alcohol,  
Benzeneethanol 
60-12-8 3, 4, 5, 6, 7, 
9 
3-Hydroxybutan-2-one 3-Hydroxy-2-butanone  
(acetoin) 
513-86-0 1 
3-Methylbut-2-en-1-ol 3-Methyl-2-buten-1-ol 
(prenol) 
556-82-1 4, 5, 6, 9 
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Table 2.2 (cont.) 
 
   
IUPAC Name Used Name CAS No. Reference
a
 
3-Methylbut-3-en-1-ol 3-Methyl-3-buten-1-ol 
(isoprenol) 
 4, 5, 6 
3-Methylbutan-1-ol 3-Methyl-1-butanol 6423-06-9 7, 9 
3-Methylbutanal 3-Methylbutanal 590-86-3 9 
3-Methylsulfanylpropanal Methional  3268-49-3 1 
4,7,7-Trimethylbicyclo[3.1.1]hept-3-
ene 
a-Pinene 80-56-8 7, 9 
4-Ethyl-2-methoxy-phenol 4-Ethylguaiacol 2785-89-9 3 
5-(Hydroxymethyl)furan-2-
carbaldehyde 
5-Hydroxymethylfurfural 67-47-0 1 
5-Butyloxolan-2-one Gamma-Octanolactone 104-50-7 2 
5-Ethyloxolan-2-one Gamma-Hexanolactone 695-06-7 2 
5-Pentyloxolan-2-one Gamma-Nonanolactone 104-61-0 2 
7-Methyl-3-methylideneocta-1,6-diene Myrcene 123-35-3 1 
Acetic acid Acetic acid 64-19-7 2 
Benzaldehyde Benzaldehyde  100-52-7 1,3, 4, 5, 6, 
7, 8, 9 
Butan-1-ol Butanol 71-36-3  1, 9 
Butan-2-ol 2-Butanol 78-92-2 9 
Butanal Butanal 123-72-8 9 
Butane-2,3-diol 2,3-Butanediol 513-85-9 8 
Butane-2,3-dione 2,3-Butanedione, Diacetyl 625-34-3 9 
Chloroform Chloroform 67-66-3 4, 5, 6 
Decan-2-one 2-Decanone 693-54-9 2 
Decanal Decanal 112-31-2 2 
Dihydrofuran-2(3H)-one Gamma-Dihydrofuran-
2(3H)-one 
96-48-0 9 
Dodecane Dodecane 112-40-3 1, 2 
Ethanol Ethanol 64-17-5 1 
Ethylbenzene Ethyl benzene 70955-17-8 7 
Furan-2-carbaldehyde Furfural 98-01-1 1 
Furan-2-ylmethanol Furfuryl alcohol 98-00-0 9 
Heptan-1-ol 1-Heptanol 53535-33-4 7, 9 
Heptan-2-ol 2-Heptanol 543-49-7 1 
Heptan-2-one 2-Heptanone 110-43-0 2, 9 
Heptan-3-one 3-Heptanone 106-35-4 3 
Heptanal Heptanal  111-71-7 1, 2,7, 9 
Hexan-1-ol 1-Hexanol 111-27-3 1,2, 3, 7,9 
Hexanal Hexanal  66-25-1 2, 3, 4, 5, 6, 
7, 9 
Hexane Hexane  110-54-3 3,4 
Hexanoic acid Hexanoic acid, 
Caproic acid 
142-62-1 2, 9 
Methanol Methanol 67-56-1 1 
Methyl N-
hydroxybenzenecarboximidate 
Methoxy-phenyl-oxime NA 7 
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Table 2.2 (cont.)    
    
IUPAC Name Used Name CAS No. Reference
a
 
Nonanal Nonanal  124-19-6 1, 2,7, 9 
Nonan-1-ol 1-Nonanol 143-08-8 7 
Oct-1-en-3-ol 1-Octen-3-ol  3391-86-4 1 
Oct-3-en-2-one 3-Octen-2-one 1669-44-9 2 
Octan-1-ol Octanol  111-87-5 1, 7, 9 
Octan-2-one 2-Octanone 111-13-7 2 
Octanal Octanal 124-13-0 2, 3, 7,9 
Oxepan-2-one γ-Oxepan-2-one 83259-71-6 9 
Oxolan-2-one Butyrolactone (gamma) 96-48-0 1, 2 
Pentan-1-ol 1-Pentanol 71-41-0 3, 4, 5, 6, 9 
Pentanal Pentanal 495-85-2 9 
Pentane  Pentane  109-66-0 4 
Phenol Phenol 108-95-2 2 
Phenylethene Styrene 100-42-5 7 
Phenylmethanol Benzenemethanol, 
Benzyl alcohol 
100-51-6 1, 3, 4, 5, 7, 
8, 9 
Propan-2-one Acetone 67-64-1 4, 5, 6 
Propane-1,2-diol 1,2-Propanediol 63625-56-9 9 
Toluene Toluene  108-88-3 1, 4, 5, 6,7 
Undecan-2-one 2-Undecanone 112-12-9 1 
Undecane Undecane 1120-21-4 1, 2 
α: cis-3,7-Dimethyl-1,3,7-octatriene 
cis-β: (Z)-3,7-Dimethyl-1,3,6-
octatriene 
(E)-β: trans--3,7-Dimethyl-1,3,6-
octatriene 
Ocimene 502-99-8 (α)  
3338-55-4 
(cis-β) 
3779-61-1 
(trans-β) 
1 
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Table 2.3. Previously reported volatile compounds in dry roasted almonds 
IUPAC  Name Used Name CAS no Reference
a 
(1R,2R,5R)-5-Methyl-2-propan-2-
ylcyclohexan-1-ol 
Isomenthol  3623-52-7 7 
(1S,5S)-2,6,6-
Trimethylbicyclo[3.1.1]hept-2-
ene and (1S,5S)-6,6-dimethyl-2-
methylenebicyclo[3.1.1]heptane 
Pinene 80-56-8 1 
(2E,4E)-Deca-2,4-dienal E,E-2,4-Decadienal  25152-84-5 7, 10 
(2Z,4Z)-Deca-2,4-dienal Z,Z-2,4-Decadienal  65909-91-3 7 
(5-Methylfuran-2-yl)methanol 5-Methylfurfuryl alcohol 3857-25-8 4 
(E)-4-(2,6,6-Trimethyl-1-
cyclohex-2-enyl)but-3-en-2-one 
α-Ionone 127-41-3  4 
(E)-Dec-2-enal E-2-Decenal 3913-81-3 2, 10 
(E)-Hept-2-enal E-2-Heptenal  18829-55-5 1,10 
(E)-Hex-2-enal E-2-Hexenal , 2-Hexenal 85761-70-2 1, 2, 6, 7,9 
(E)-Non-2-enal E-2-Nonenal  18829-56-6 1, 10 
(E)-Oct-2-enal E-2-Octenal 2548-87-0 1, 2,9,10 
(Z)-Hept-2-enal (Z)-Hept-2-enal 57266-86-1 2, 9 
(Z)-Hex-3-en-1-ol Z-3-Hexen-1-ol 928-96-1 1 
(Z)-Non-2-enal (Z)-2-Nonenal 60784-31-8 2, 9 
1-(1H-Pyrrol-2-yl)ethanone 2-Acetylpyrrole 1072-83-9 2,4,7,8,9 
1-(1-Methylpyrrol-2-yl)ethanone 1-Acetyl-2-methylpyrrole [2-
Acetyl-1-methylpyrrole) 
932-16-1 4 
1-(2-Hydroxyphenyl)ethanone O-Hydroxyacetophenone 118-93-4 4 
1-(3-Methylpyrazin-2-yl)ethanone 2-Acetyl-3-methylpyrazine 23787-80-6 8 
1-(5-Methylpyrazin-2-yl)ethanone 2-Methyl-5-acetylpyrazine 22047-27-4 4,5 
1-(Furan-2-yl)ethanone 2-Acetylfuran 1192-62-7  4 
1-(Furan-2-ylmethyl)pyrrole 1-Furfurylpyrrole, N-
Furfurylpyrrole 
1438-94-4 4,7,8 
1-(Furan-2-ylmethyl)pyrrole-2-
carbaldehyde 
1-Furfuryl-2-formylpyrrole 13788-32-4 4 
1-(Methylthio)propan-2-ol 1-(Methylthio)-2-propanol 6943-87-9 2,9 
1,2-Dimethylbenzene; 1,3-xylene; 
1,4-xylene 
1,3-Dimethylbenzene NA 6 
1-Chloropropan-2-ol 1-Chloro-2-propanol 68584-59-8 2,9 
1-Ethyl-3-methylbenzene 1-Methyl-3-ethylbenzene 620-14-4 4 
1-Ethylpyrrole-2-carbaldehyde 1-Ethyl-2-formylpyrrole 2167-14-8 4 
1H-Pyrrole 1H-Pyrrole, Pyrrole 109-97-7 1,2,7, 8 
1H-Pyrrole-2-carbaldehyde 2-Formylpyrrole 1003-29-8 4,5,9 
1-Hydroxypropan-2-one 1-Hydroxypropan-2-one 116-09-6 2,9 
1-Methyl-4-prop-1-en-2-
ylcyclohexene 
Limonene  95327-98-3 1,3,7,9,10 
1-Methyl-4-propan-2-
ylcyclohexa-1,4-diene (gamma) 
1-Methyl-4-propan-2-
ylcyclohexa-1,3-diene (alpha) 
Terpinene 99-85-4 
99-86-5 
1 
1-Methylpyrrole-2-carbaldehyde 1-Methyl-2-formylpyrrole 1192-58-1 4 
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Table 2.3 (cont.)    
    
IUPAC  Name Used Name CAS no Reference
a 
1-Phenylethanone Acetophenone  98-86-2 7 
1-Pyrazin-2-ylethanone Acetylpyrazine, 1-Acetylpyrazine 22047-25-2 4,7,8 
2-(Furan-2-yl)pyrazine 2-(2’-Furyl)-pyrazine 32736-95-1 4,5 
2-(Methoxymethyl)furan Furfuryl methyl ether  13679-46-4 4 
2,2,4,6,6-Pentamethylheptane 2,2,4,6,6-Pentamethyl heptane 13475-82-6 7 
2,3,5-Trimethylpyrazine Trimethylpyrazine 14667-55-1 1, 2,4,5,6,9 
2,3-Diethyl-5-methylpyrazine 2,3-Diethyl-5-methylpyrazine 18138-04-0 8 
2,3-Dimethylpyrazine 2,3-Dimethylpyrazine  5910-89-4 1,2,6,7,8,9 
2,5-Diethyl-3-methylpyrazine 2,5-Diethyl-3-methylpyrazine 32736-91-7 4, 5 
2,5-Diethylpyrazine 2,5-Diethylpyrazine 13238-84-1 7,8 
2,5-Dimethylpyrazine 2,5-Dimethylpyrazine 123-32-0 1, 2, 3, 4, 5, 
6, 7, 8, 9,10 
2,6-Diethylpyrazine 2,6-Diethylpyrazine 13067-27-1 8 
2,6-Dimethylpyrazine 2,6-Dimethylpyrazine 108-50-9 1, 2, 4, 6, 7, 
9,10 
2-Chloropropan-1-ol 2-Chloro-1-propanol 78-89-7 2,9 
2-Ethenyl-3,6-dimethylpyrazine 2,5-Dimethyl-3-vinylpyrazine, 
2,5-Dimethyl-3-ethenylpyrazine 
NA 4,5,8 
2-Ethenyl-5-methylpyrazine Methyl-2-vinyl-5-pyrazine 13925-08-1 7 
2-Ethyl-3,5-dimethylpyrazine 2,6-Dimethyl-3-ethylpyrazine, 
3,5-Dimethyl-2-ethylpyrazine 
13925-07-0 4,5,8 
2-Ethyl-3-methylpyrazine 2-Ethyl-3-methylpyrazine  15707-23-0 7,8 
2-Ethyl-5-methylpyrazine 2-Ethyl-5-methylpyrazine 13360-64-0 6,7,8,10 
2-Ethyl-6-methylpyrazine 2-Ethyl-6-methylpyrazine 13925-03-6 2, 4,5,6,9 
2-Ethylhexan-1-ol 2-Ethyl-1-hexanol  104-76-7 3,4 
2-Ethylpyrazine Ethyl pyrazine  13925-00-3 1, 2,3,7,8, 9 
2-Ethylsulfanylethanol 2-(Ethylthio)-ethanol 110-77-0 6, 8 
2-Hexyloxirane Hexyl oxirane 2984-50-1 2 
2-Methyl-1-butanol 2-Methyl-1-butanol 137-32-6 3 
2-Methyl-1H-pyrrole 2-Methyl-1H-pyrrole  36-41-9 7 
2-Methyl-2H-furan-5-one β-Angelicalactone 591-11-7 4 
2-Methyl-5-(1-propenyl)pyrazine 2-Methyl-5-(1-propenyl)pyrazine  NA 7 
2-Methyl-5-prop-1-en-2-
ylcyclohex-2-en-1-one 
Carvone  99-49-0  7 
2-Methyl-6,7-dihydro-5H-
cyclopenta[b]pyrazine 
2-Methyl-6,7-dihydro-5H-
cyclopentapyrazine 
NA 4,5 
2-Methylbutanal 2-Methylbutanal 96-17-3 2,6,9 
2-Methyloxolan-3-one 2-Methyltetrahydro-furan-3-one,  
Dihydro-2-methyl-3(2H) 
furanone 
3188-00-9 2, 4, 5, 8,9 
2-Methylpropan-1-ol 2-Methyl-1-propanol 78-83-1 2,9 
2-Methylpyrazine Methylpyrazine  109-08-0 1, 2, 3, 4, 5, 
6, 7, 8, 9,10 
2-Pentylfuran 2-pentylfuran 3777-69-3 2,9 
2-Pentyloxirane Pentyl oxirane 5063-65-0 2 
2-Phenylacetaldehyde Phenylacetaldehyde  122-78-1 2,3,6,7,9,10 
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Table 2.3 (cont.)    
    
IUPAC  Name Used Name CAS no Reference
a 
2-Phenylbut-2-enal 2-Phenyl-2-butenal 4411-89-6 4,5 
2-Phenylethanol 2-Phenylethyl alcohol 60-12-8 2,3,6, 9, 10 
3,5-Diethyl-2-methylpyrazine 2,6-Diethyl-3-methylpyrazine 18138-05-1 4,5 
3-Ethyl-2,5-dimethylpyrazine 2,5-Dimethyl-3-ethylpyrazine 
2-Ethyl-3,6-dimethylpyrazine 
13360-65-1 4,5,6,7,8,10 
3-Hydroxybutan-2-one 3-Hydroxy-2-butanone, Acetoin 513-86-0 1, 2,9 
3-Methylbutan-1-ol 3-Methyl-1-butanol 6423-06-9 2,9 
3-Methylbutanal 3-Methylbutanal 590-86-3 2,9 
3-Methylcyclopentane-1,2-dione Cyclotene  765-70-8 4 
3-Methylsulfanylpropanal Methional  3268-49-3 1,7 
4-(2,6,6-Trimethylcyclohexen-1-
yl)but-3-en-2-one 
β-Ionone 14901-07-6 4 
4,7,7-
Trimethylbicyclo[3.1.1]hept-3-
ene 
α-Pinene 80-56-8 2,9 
4-Hydroxy-2-(hydroxymethyl)-5-
methylfuran-3-one 
4-Hydroxy-2-hydroxymethyl-5-
methyl-3(2H)-furanone 
17712-38-8 4 
4-Hydroxy-2,5-dimethylfuran-3-
one 
2,5-Dimethyl-4-hydroxy-3(2H)-
furanone, Furaneol 
3658-77-3 4 
4-Hydroxy-4-methylpentan-2-one Diacetone alcohol  123-42-2 4 
4-Hydroxybenzaldehyde P-Hydroxybenzaldehyde 123-08-0 4 
4-Methylpent-3-en-2-one 4-Methyl-3-penten-2-one 141-79-7 4 
5-(Hydroxymethyl)furan-2-
carbaldehyde 
5-Hydroxymethylfurfural 67-47-0 1, 3 
5-Butyloxolan-2-one Gamma-Octalactone 57084-15-8 10 
5-Ethyl-2,3-dimethylpyrazine 2,3-Dimethyl-5-ethylpyrazine  15707-34-3 7,8 
5-Methyl-1H-pyrrole-2-
carbaldehyde 
5-Methyl-2-formylpyrrole 1192-79-6 4 
5-Methyl-2-propan-2-
ylcyclohexan-1-one 
Menthone  89-80-5 7 
5-Methylfuran-2-carbaldehyde 5-Methylfurfural 620-02-0 4,5,6,7,8 
5-Methylquinoxaline 5-Methylquinoxaline 13708-12-8 4,5 
5-Pentylfuran-2(3H)-one  5-Pentyl-2(3H)-furanone 51352-68-2   10 
6,7-Dihydro-2,3-dimethyl-5H-
cyclopentapyrazine 
2,3-Dimethyl-6,7-dihydro-5H-
cyclopentapyrazine 
38917-62-3 
38917-63-4 
4,5 
6,7-Dihydro-2,5-dimethyl-5H-
cyclopentapyrazine 
2(or 3),5-Dimethyl-6,7-dihydro-
5H-cyclopentapyrazine 
38917-61-2 4,5 
7-Methyl-3-methylideneocta-1,6-
diene 
Myrcene 123-35-3 1 
7-Methyl-6,7-dihydro-5H-
cyclopenta[b]pyrazine 
5-Methyl-6,7-dihydro-5H-
cyclopentapyrazine 
23747-48-0 4,5 
Acetic acid Acetic acid 64-19-7 2 
Benzaldehyde Benzaldehyde  100-52-7 1, 2, 3, 4, 6, 
7,9,10 
Butan-1-ol Butanol 71-36-3  1, 2,4,9 
Butanal Butanal 123-72-8 2,6,9 
Butane-2,3-dione 2,3-Butanedione, Diacetyl 625-34-3 2,9 
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Table 2.3 (cont.)    
    
IUPAC  Name Used Name CAS no Reference
a 
Dec-2-enal 2-Decenal  3913-71-1 7 
Deca-2,4-dienal  2,4-Decadienal 2363-88-4 4 
Decan-2-one 2-Decanone 693-54-9 2 
Decanal Decanal  112-31-2 2,4,6,9 
Dihydrofuran-2(3H)-one γ-Dihydrofuran-2(3H)-one 
4-Butyrolactone 
96-48-0 2,9 
Dodecane Dodecane  112-40-3 1, 7 
Ethanol Ethanol 64-17-5 1 
Ethyl acetate Ethyl acetate 141-78-6 2,9 
Ethyl furan-2-carboxylate Ethyl furoate  1335-40-6 4 
Furan-2,5-dione 2,5-Furandione 108-31-6  7,8 
Furan-2-carbaldehyde Furfural 98-01-1 1, 2, 3, 4, 6, 
7, 8,10 
Furan-2-ylmethanol Furfuryl alcohol 98-00-0 2,4,6,7,8,9 
Furan-2-ylmethyl acetate Furfuryl acetate  623-17-6 4 
Hept-2-enal 2-Heptenal  2463-63-0 7 
Heptan-1-ol Heptanol  53535-33-4 2,7,9,10 
Heptan-2-ol 2-Heptanol 543-49-7 1 
Heptan-2-one 2-Heptanone 110-43-0 2,6,7,9,10 
Heptan-3-one 3-Heptanone 106-35-4 3 
Heptanal Heptanal  111-71-7 1,2,3,6,7,9, 
10 
Heptane Heptane  142-82-5 4 
Heptanoic acid Heptanoic acid 111-14-8 2 
Hexadecane Hexadecane  544-76-3 7 
Hexan-1-ol Hexanol  111-27-3 1,2,3,4,7,9, 
10 
Hexan-2-ol 2-Hexanol 626-93-7 7 
Hexanal Hexanal  66-25-1 2,3,6, 9,10 
Hexane Hexane  110-54-3 3,4 
Hexanoic acid Hexanoic acid, 
Caproic acid 
142-62-1 2,9 
Methanol Methanol 67-56-1 1 
Methyl furan-3-carboxylate Methyl furoate  1334-76-5 4 
Methyl N-
hydroxybenzenecarboximidate 
Methoxy-phenyl-oxime NA 6 
Methylsulfanylmethane  Methylsulfanylmethane 
Dimethyl sulfide 
75-18-3 2,9 
Non-2-enal 2-Nonenal  2463-53-8 7 
Nona-2,4-dienal 2,4-Nonadienal  6750-03-4 2,7,10 
Nonan-1-ol Nonanol 143-08-8 2 
Nonan-2-one 2-Nonanone  821-55-6 2,10 
Nonanal Nonanal 124-19-6 1,2,6,7,9,10 
Nonanoic acid Nonanoic acid 112-05-0 2 
N-Propylacetamide N-Acetylpropyl amine 5331-48-6 4 
Oct-1-en-3-ol 1-Octen-3-ol  3391-86-4 1, 2,3,10 
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Table 2.3 (cont.)    
    
IUPAC  Name Used Name CAS no Reference
a 
Oct-2-enal 2-Octenal  2363-89-5 6,7 
Oct-3-en-2-one 3-Octen-2-one 1669-44-9 2,10 
Octan-1-ol Octanol  111-87-5 1, 2,6,7,9 
Octan-2-one 2-Octanone 111-13-7 2 
Octanal Octanal  124-13-0 2,6,7,9,10 
Octane Octane  111-65-9 7 
Octanoic acid Octanoic acid 124-07-2 2 
Oxepan-2-one γ-Oxepan-2-one 83259-71-6 2,9 
Oxolan-2-one Butyrolactone (gamma) 96-48-0 1 
Pent-4-en-2-one Methyl allyl ketone  13891-87-7 4 
Pentadecane Pentadecane 629-62-9 7 
Pentan-1-ol 1-Pentanol 71-41-0 2,3,6,9 
Pentan-3-ol 3-Pentanol 584-02-1 2,3 
Pentanal Pentanal 495-85-2 2,3,6,9 
Pentane-2,3-dione 2,3-Pentanedione 600-14-6 4 
Pentanoic acid Pentanoic acid 109-52-4 2 
Phenol Phenol  108-95-2 4 
Phenylmethanol Benzyl alcohol 100-51-6  1, 3,6,7 
Prop-2-en-1-ol 2-Propenol 91714-94-2 2,9 
Propane-1,2-diol 1,2-Propanediol 63625-56-9 2,9 
Tetradecane Tetradecane  629-59-4 7 
Toluene Toluene  108-88-3 1, 4,6,7 
Undec-2-enal 2-Undecenal 2463-77-6 2 
Undecan-2-one 2-Undecanone 112-12-9 1 
Undecane Undecane 1120-21-4 1 
Vinyl n-hexanoate Vinyl hexanoate 3050-69-9 2 
α: cis-3,7-Dimethyl-1,3,7-
octatriene 
cis-β: (Z)-3,7-Dimethyl-1,3,6-
octatriene 
(E)-β: trans--3,7-Dimethyl-1,3,6-
octatriene 
Ocimene 502-99-8 (α)  
3338-55-4 
(cis-β) 
3779-61-1 
(trans-β) 
1 
- 2,5-Diacetylpyrazine - 4 
- 2,4-Dimethoxy-3-
hydroxypyridine 
- 4 
- 2-Acetyl-5-methoxypyrazine - 4 
- 2-Acetyl-3-hydroxy-5-methyl-
6,7-dihydro-5h-
cyclopentapyrazine 
- 4 
- 2-Acetyl-6-allylpyridine - 4 
- 2-Carboethoxypyrrole - 4 
- 2-Ethyl-5-acetylpyrazine - 5 
- 2-Formyl-5-vinylpyrrole - 5 
- 2-Methoxy-3-hydroxy-4-
formylpyridine 
- 4 
- 3-Methyl-2-(2’-furyl)-pyrazine - 4,5 
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Table 2.3 (cont.)    
    
IUPAC  Name Used Name CAS no Reference
a 
- 3-Methylchloropentane - 4 
- 5-Vinyl-2-formylpyrrole - 4 
- 6,7-Dihydro-5h-
cyclopentapyrazine 
- 4,5 
- 6-Ethyl-2-acetylpyrazine - 4 
- Pyrrylthiophenyl ketone - 4 
- 2,3-Dimethyl-5(Z-1-
propenyl)pyrazine 
55138-72-2 8 
- 2-Methyl(Z,E-1-propenyl)-
pyrazine isomers 
- 8 
- 2,5-Diethyl-3-methyl-+2-Methyl-
(E-1-propenyl)-pyrazine isomers 
- 8 
- 2-Methyl-butyl-pyrazine isomers - 8 
35 
 
Table 2.4. Previously reported volatile compounds in oil roasted almonds 
IUPAC  Name Compound CAS no Reference
a 
(1S,5S)-2,6,6-
Trimethylbicyclo[3.1.1]hept-2-ene 
(1S,5S)-6,6-dimethyl-2-
methylenebicyclo[3.1.1]heptane 
Pinene 80-56-8 1 
(2E,4E)-Deca-2,4-dienal E,E-2,4-Decadienal  25152-84-5 2 
(2E,4Z)-Deca-2,4-dienal E,Z-2,4-Decadienal 25152-83-4 2 
(5Z)-Octa-1,5-dien-3-one Z-1,5-Octadien-3-one 65767-22-8  
(E)-3-Octen-2-one (E)-3-Octen-2-one 18402-82-9 2 
(E)-Hept-2-enal E-2-Heptenal  18829-55-5 1 
(E)-Hex-2-enal E-2-Hexenal , 2-hexenal 85761-70-2 1,2 
(E)-Non-2-enal E-2-Nonenal  18829-56-6 1 
(E)-Oct-2-enal E-2-Octenal 2548-87-0 1 
(Z)-Hex-3-en-1-ol Z-3-Hexen-1-ol 928-96-1 1 
1H-pyrrole 1H-Pyrrole, Pyrrole 109-97-7 1 
1-Methyl-4-(1-methylethenyl)-
cyclohexene 
Limonene 138-86-3 1 
1-Methyl-4-propan-2-ylcyclohexa-
1,4-diene (gamma) 
1-Methyl-4-propan-2-ylcyclohexa-
1,3-diene (alpha) 
Terpinene 99-85-4 
99-86-5 
1 
2,3,5-Trimethylpyrazine Trimethylpyrazine 14667-55-1 1,2 
2,3-Dimethylpyrazine 2,3-Dimethylpyrazine 5910-89-4 1,2 
2,5-Dimethylpyrazine 2,5-Dimethylpyrazine 123-32-0 1,2 
2,6-Dimethylpyrazine 2,6-Dimethylpyrazine 108-50-9 1,2 
2-Ethyl-5-methylpyrazine 2-Ethyl-5-methylpyrazine 13360-64-0 2 
2-Ethyl-6-methylpyrazine 2-Ethyl-6-methylpyrazine 13925-03-6 2 
2-Ethylpyrazine 2-Ethylpyrazine 13925-00-3 1 
2-Methylbutanal 2-Methylbutanal 96-17-3  2 
2-Methylpyrazine Methylpyrazine  109-08-0 1, 2 
2-Phenylacetaldehyde Phenylacetaldehyde  122-78-1 2 
3-Hydroxybutan-2-one 3-Hydroxy-2-butanone, Acetoin 513-86-0 1 
3-Methylbutanal 3-Methylbutanal 590-86-3 2 
3-Methylsulfanylpropanal Methional  3268-49-3 1 
5-(Hydroxymethyl)furan-2-
carbaldehyde 
5-Hydroxymethylfurfural 67-47-0 1 
7-Methyl-3-methylideneocta-1,6-
diene 
Myrcene 123-35-3 1 
Acetic acid Acetic acid 64-19-7  
Benzaldehyde Benzaldehyde  100-52-7 1,2 
Butan-1-ol Butanol 71-36-3  1 
Butanal Butanal 123-72-8 2 
Butane-2,3-dione 2,3-Butanedione, Diacetyl 625-34-3  
Dodecane Dodecane  112-40-3 1 
Ethanol Ethanol 64-17-5 1 
Furan-2-carbaldehyde Furfural 98-01-1 1,2 
Furan-2-ylmethanol Furfuryl alcohol 98-00-0 2 
Heptan-2-ol 2-Heptanol 543-49-7 1 
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a
References 
(1) Agila, A., & Barringer, S. (2012). Effect of roasting conditions on color and volatile profile including HMF level 
in sweet almonds (Prunus dulcis). Journal of Food Science, 77(4), C461-C468. 
(2) Valdés, A., Beltrán, A., Karabagias, I., Badeka, A., Kontominas, M. G., & Garrigós, M. C. (2015). Monitoring the 
oxidative stability and volatiles in blanched, roasted and fried almonds under normal and accelerated storage 
conditions by DSC, thermogravimetric analysis and ATR‐FTIR. European Journal of Lipid Science and 
Technology, 117, 1199-1213. 
 
Table 2.4 (cont.)    
    
IUPAC  Name Compound CAS no Reference
a 
Heptanal Heptanal  111-71-7 1,2 
Hexan-1-ol Hexanol  111-27-3 1 
Hexanal Hexanal  66-25-1  2 
Methanol Methanol 67-56-1 1 
Methyl N-
hydroxybenzenecarboximidate 
Methoxy-phenyl-oxime NA 2 
Nonanal Nonanal 124-19-6 1,2 
Oct-1-en-3-ol 1-Octen-3-ol  3391-86-4 1, 2 
Oct-2-enal 2-Octenal  2363-89-5 2 
Octan-1-ol Octanol  111-87-5 1 
Octanal Octanal  124-13-0 2 
Oxolan-2-one Butyrolactone (gamma) 96-48-0 1 
Pentan-1-ol 1-Pentanol 71-41-0 2 
Pentanal Pentanal 495-85-2 2 
Pentane-2,3-dione 2,3-Pentanedione 600-14-6  
Phenylmethanol Benzyl alcohol 100-51-6  1 
Toluene Toluene  108-88-3 1,2 
Undecan-2-one 2-Undecanone 112-12-9 1 
Undecane Undecane 1120-21-4 1 
α: cis-3,7-Dimethyl-1,3,7-
octatriene 
cis-β: (Z)-3,7-Dimethyl-1,3,6-
octatriene 
(E)-β: trans--3,7-Dimethyl-1,3,6-
octatriene 
Ocimene 502-99-8 (α)  
3338-55-4 
(cis-β) 
3779-61-1 
(trans-β) 
1 
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Table 2.5. Previously reported volatile compounds in almond oil 
IUPAC  Name Compound CAS no Reference
a 
(2E,4E)-Deca-2,4-dienal (E,E)-2,4-Decadienal 80-56-8 1, 2 
(2E,4E)-Nona-2,4-dienal (E,E)-2,4-Nonadienal 5910-87-2 1 
(E)-Dec-2-enal (E)-2-Decenal 3913-81-3 1 
(E)-Hept-2-enal (E)-2-Heptenal 29381-66-6 1 
(E)-Hex-2-enal (E)-2-Hexenal 73543-95-0 1 
(E)-Non-2-enal (E)-2-Nonenal 18829-56-6 1 
(E)-Oct-2-enal (E)-2-Octenal 2548-87-0 1 
(E)-Undec-2-enal (E)-2-Undecenal 53448-07-0 1 
1,2-Dimethylbenzene 1,2-Dimethylbenzene 95-47-6 3 
1,2-Dimethylbenzene; 1,3-
xylene; 1,4-xylene 
1,3-Dimethylbenzene - 3, 4 
1,4-dimethylbenzene 1,4-Dimethylbenzene 68650-36-2 3 
1-Cyclopentylethanol 1-Cyclopentylethanol 52829-98-8 1 
1-Methyl-1H-indene 1-Methylindene 767-59-9 3 
2-Methylcyclopent-2-en-1-
one  or 3-methylcyclopent-2-
en-1-one 
2 or 3-Methylcyclopent-2-en-1-
one 
89911-17-1 
2758-18-1 
3 
2-Methylpentane 2-Methylpentane 73513-43-6 4 
2-Pentylfuran 2-Pentylfuran 64079-01-2 1 
3-Methylpentan-3-ol 3-Methyl-3-pentanol 77-74-7 4 
4-Ethylcyclohexan-1-ol 4-Ethylcyclohexanol 4534-74-1 1 
5-Methylhexan-2-one 5-Methyl-2-hexanone 110-12-3 1 
5-Propyldihydro-2(3H)-
furanone 
5-Propyl-dihydrofuran-3-one - 2 
6-Pentyloxan-2-one δ-Decalactone 705-86-2 1 
Benzaldehyde Benzaldehyde 100-52-7 2, 3 
Cyclodecanone Cyclodecanone 1502-06-3 1 
Dec-2-enal 2-Decenal  3913-71-1 4 
Deca-2,4-dienal 2,4-Decadienal 2363-88-4 2 
Decanal Decanal  75718-12-6 4 
Decane Decane  73138-29-1 4 
Dodecanal Dodecanal  112-54-9 4 
Dodecane Dodecane  94094-93-6 4 
Ethylbenzene Ethyl benzene 70955-17-8 3 
Heptanal Heptanal 85-86-9 1 
Hex-5-en-2-ol  5-Hexen-2-ol 626-94-8 4 
Hexadecane Hexadecane 544-76-3 3 
Hexadecanoic acid n-Hexadecanoic acid 9006-59-1 4 
Hexanal Hexanal  66-25-1 1, 2 
Hexanoic acid Hexanoic acid 8040-17-3 1 
Methylbenzene Methyl benzene 50646-98-5 3 
Non-3-en-2-one 3-Nonen-2-one 14309-57-0 1 
Nonanal Nonanal 124-19-6 1, 2, 4 
Nonane Nonane 61193-19-9 4 
Nonanoic acid Nonanoic acid 7640-78-0 4 
Oct-1-en-3-ol 1-Octen-3-ol 57-71-6 1 
Octanal Octanal  823-40-5 1, 4 
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a
References 
(1) Beltrán, A., Ramos, M., Grané, N., Martín, M. L., & Garrigós, M. C. (2011). Monitoring the oxidation of almond oils 
by HS-SPME–GC–MS and ATR-FTIR: Application of volatile compounds determination to cultivar authenticity. Food 
Chemistry, 126(2), 603-609.  
(2) Caja, MM, del Castillo, M. R., Alvarez, R. M., Herraiz, M., & Blanch, G. P. (2000). Analysis of volatile compounds in 
edible oils using simultaneous distillation-solvent extraction and direct coupling of liquid chromatography with gas 
chromatography. European Food Research and Technology, 211(1), 45-51. 
(3) Pićurić-Jovanović, K., & Milovanović, M. (1993). Analysis of volatile compounds in almond and plum kernel oils. 
Journal of the American Oil Chemists’ Society, 70(11), 1101-1104. 
(4) Sanahuja, A. B., Santonja, M. R., Teruel, N. G., Carratalá, M. M., & Selva, M. G. (2011). Classification of Almond 
Cultivars Using Oil Volatile Compound Determination by HS-SPME–GC–MS.  Journal of the American Oil Chemists' 
Society, 88(3), 329-336. 
 
Table 2.5 (cont.)    
    
IUPAC  Name Compound CAS no Reference
a 
Octane Octane 50985-84-7 3, 4 
Pentadecanal Pentadecanal  2765-11-9 4 
Phenylmethanol  Benzyl alcohol 185532-71-2 3 
Propylbenzene Propyl benzene 74296-31-4 3 
Tetradecanal Tetradecanal  511542-15-7 4 
Tetradecane  n-Tetradecane 90640-86-1 3, 4 
Tridecane  n-Tridecane 629-50-5 3, 4 
Undec-2-enal 2-Undecenal 2463-77-6 4 
Undecanal Undecanal  112-44-7 4 
Undecane Undecane  61193-21-3 4 
- 5-Ethyl-dihydrofuran-3-one - 3 
- Cyclopentadienes  - 3 
- Methylphenol  - 3 
- Hexanoic acid anhydrate - 1 
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Table 2.6. Detailed information on previously used methods for measuring the lipid oxidation in almonds and almond oil.  
Reference Method  Sample Packaging Storage conditions  Storage time 
Beltrán et al 
2011 
 
HS-SPME-GC-MS 
(Aldehydes), ATR-
FTIR 
Almond oil Sealed amber glass 
vial 
100 °C 1, 3, 5, 7, 10, 15, 
20 days 
Buransompob et 
al 2003 
 
Peroxide value, ρ-
anisidine value, FFA, 
TBARS 
Almond oil  Polyethylene bag 25°C and 35°C 5, 15, 30, 60 days 
(25°C) and 2, 5, 
10, 20 days 
(35°C) 
García-Pascual et 
al 2003 
 
Fat content, peroxide 
value, tocopherol and 
aflatoxin contents 
Unshelled almonds, 
shelled whole 
almonds, coated then 
roasted almonds 
Flexible plastic 
pouches  w/ air or 
N2 
 
20 °C (only 
unshelled), 8°C and 
36°C 
4 and 9 months 
 
Guadagni et al 
1978 
 
Sensory  
 
Inshell almonds and 
almond meat 
Glass jar, controlled 
atmosphere 
18.5 °C, 27°C, low 
O2 atmosphere and 
normal atmosphere 
12 months 
Harris et al 1972 Headspace O2, FFA, 
iodine value, sensory  
Diced raw and 
roasted, glazed and 
unglazed almonds 
Hermetically sealed 
cans 
-18°C and 37°C 6 months 
Lee et al 2014 
 
HS volatiles Raw and roasted 
almonds 
Controlled 
atmosphere on a 
tray in dark 
25°C and 35°C 24 weeks  
 
Lin et al 2012 
 
 
Peroxide value, 
iodine value, FFA 
content, lipase 
activity 
Natural whole 
almonds, blanched 
whole and sliced 
almonds 
Carton and PE 4.4 °C, 21.1 °C, 37.8 
°C and different RH 
levels 
10-18 months 
 
Mexis and 
Kontominas 
2010, Mexis et al 
2009 
HS gas composition, 
peroxide value, 
hexanal, FAME, 
sensory  
Raw almonds Different type of 
plastic pouches, 
glass jar with N2 
flushed 
20 °C 12 months 
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Table 2.6 (cont.)      
      
Reference Method  Sample Packaging Storage conditions  Storage time 
Miraliakbari and 
Shahidi 2008 
 
FFA, tocopherols, 
conjugated dienes, 
peroxide value, ρ-
anisidine value, 
hexanal and nonanal 
content 
Almond oil 
(stripped-
nonstripped) 
Glass vial 60°C dark and 27°C 
light 
12 days (60°C) 
and 3 days (27°C) 
Raisi and others 
2015 
 
Peroxide value, 
conjugated trienes, 
sensory 
Whole and ground 
raw almonds 
LDPE/PA/LDPE Normal air, vacuum, 
CO2 at RT and 4°C in 
dark 
10 months 
Rizzolo et al 
1993 
 
Peroxide value, acid 
value, 
spectrophotometry, 
FAME, hexanal 
content 
In-shell, shelled and 
peeled almonds 
Jute bag, PE film 
pouches and net 
bags 
 
RT, 4°C and 2°C 12-18-60 months 
Salcedo and 
Nazareno 2015  
 
Hydroperoxide 
content, 
malondialdehyde 
content, volatiles, 
fatty acids, TBARS 
Peeled and unpeeled 
almonds 
Glass (round 
bottom flask) 
100°C (for volatiles) 
 
24 hours 
Sanchez-Bel et al 
2011  
 
FAME, peroxide 
value, conjugated 
dienes, sensory 
Peeled-roasted 
almonds 
PP-PE N2 atmosphere, 20°C 
at 65-70% RH 
20 weeks 
Severini et al 
2000 
 
Peroxide value, 
triglyceride 
olygopolymers, 
oxidized triglycerides 
Peeled and unpeeled 
roasted almonds 
Plastic film RT, dark room, air, 
vacuum and Maillard 
reaction volatile 
compounds 
atmosphere 
8 months 
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Table 2.6 (cont.)      
      
Reference Method  Sample Packaging Storage conditions  Storage time 
Tazi et al 2009 TBARS, 
chemiluminescence 
Raw, peeled raw 
almonds and almond 
products 
 RT in dark room 3 months 
Uthman et al 
1998 
 
Iodine value, 
peroxide value, 2-
thiabarbituric acid 
Raw and roasted 
almonds 
PE film RT (20-21°C) 0, 8, 16 weeks 
Valdés et al 2015 
 
FAME, peroxide 
value, ρ-anisidine, 
differential scanning 
calorimetry 
thermogravimetric 
analysis, ATR-FTIR, 
volatiles (HS-SPME-
GCMS)-hexanal 
Raw (unsalted-no 
skin), blanched, 
roasted (salt and 
skin) and fried 
(salted-no skin) 
almonds 
Extracted oil in 
dark glass in oven 
 
100°C 
 
0, 3, 5 and 10 
days 
Yaacoub et al 
2008 
Hydroperoxides, ρ-
anisidine, TBARS, 
CML, trans fatty 
acids 
Roasted almond - 180°C 8 min 
Yang et al 2013 
 
Peroxide Value, 
volatiles, sensory 
Roasted almonds Paper bag 37°C 3, 6, 8 months 
Zacheo et al 
1998 
 
 
Lipid content, 
FAME, 
malondialdehyde 
content, 
lipoxygenase, 
superoxide dismutase 
and peroxidase 
activities 
Whole natural 
almonds 
Plastic box 20 °C at 80% RH and 
20 °C at 40% RH 
(control) 
40 days 
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Abbreviations: HS: Headspace, SPME: Solid-phase microextraction, GC-MS: Gas chromatography-mass spetctrometry, ATR-FTIR: Attenuated total reflectance 
Fourier transform infrared spectroscopy, FFA: Free fatty acids, TBARS: Thiobarbituric acid reactive substances, PE: Polyethylene, FAME: Fatty acid methyl 
esters, LDPE: Low-density polyethylene, PA: Polyamide, RT: Room temperature, PP:Polypropylene, RH: Relative humidity, CML: Carboxymethyllysine 
 
Table 2.6 (cont.)      
      
Reference Method  Sample Packaging Storage conditions  Storage time 
Zacheo et al 
2000 
 
Total lipid content, 
FAME, lipoxygenase 
activity, 
malondialdehyde, 
hydroperoxide 
production, 
tocopherol, sensory  
Shelled and 
unshelled almonds 
 -80°C for shelled 
whole and ground  
RT for unshelled 
 
24 months 
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Figure 2.1. Life cycle and harvest process of almonds 
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Amarowicz, R., & Bartolomé, B. (2009). Comparative flavan-3-ol profile and antioxidant 
capacity of roasted peanut, hazelnut, and almond skins. Journal of Agricultural and Food 
Chemistry, 57(22), 10590-10599. 
Mottram, D. S. (1993). Flavor compounds formed during the Maillard reaction. In ACS 
symposium series. (pp. 104-126). Washington DC.  
Nursten, H. E. (1981). Recent developments in studies of the Maillard reaction. Food 
Chemistry, 6(3), 263-277. 
Oliveira, M. M., Miguel, C., & Costa, M. S. (2008). Almond. Compendium of Transgenic Crop 
Plants. 
Pérez-Jiménez, J., Neveu, V., Vos, F., & Scalbert, A. (2010). Identification of the 100 richest 
dietary sources of polyphenols: an application of the Phenol-Explorer database. European 
Journal of Clinical Nutrition, 64, S112-S120. 
49 
 
Perkins, E. G., and M. D. Erickson. "Volatile odor and flavor components formed in deep 
frying." Deep Frying: Chemistry, Nutrition, and Practical Applications Ed. 2 (2006): 51-56. 
Perren, R., & Escher, F. (2007). Nut roasting-technology and product quality. Manufacturing 
Confectioner, 87(6), 65. 
Pićurić-Jovanović, K., & Milovanović, M. (1993). Analysis of volatile compounds in almond 
and plum kernel oils. Journal of the American Oil Chemists’ Society, 70(11), 1101-1104. 
Raisi, M., Ghorbani, M., Mahoonak, A. S., Kashaninejad, M., & Hosseini, H. (2015). Effect of 
storage atmosphere and temperature on the oxidative stability of almond kernels during 
long term storage. Journal of Stored Products Research, 62, 16-21. 
Rizzolo, A., Senesi, E., & Colombo, C. (1993). Studies on the storage of shelled and in-shell 
almonds. In I International Congress on Almond 373 (pp. 259-264).  
Salcedo, C. L., & Nazareno, M. A. (2015). Effect of phenolic compounds on the oxidative 
stability of ground walnuts and almonds. RSC Advances, 5(57), 45878-45887.  
Sanahuja, A. B., Santonja, M. R., Teruel, N. G., Carratalá, M. M., & Selva, M. G. (2011). 
Classification of Almond Cultivars Using Oil Volatile Compound Determination by HS-
SPME–GC–MS.  Journal of the American Oil Chemists' Society, 88(3), 329-336.  
Sanchez-Bel, P., Egea, I., Pretel, M. T., Flores, F. B., Romojaro, F., & Martínez-Madrid, M. C. 
(2011). Roasting and packaging in nitrogen atmosphere protect almond var. Guara 
against lipid oxidation. Food Science and Technology International, 17 (6), 529-540. 
50 
 
Schwab, W., Davidovich‐Rikanati, R., & Lewinsohn, E. (2008). Biosynthesis of plant‐derived 
flavor compounds. The Plant Journal, 54(4), 712-732. 
Severini, C., Gomes, T., De Pilli, T., Romani, S., & Massini, R. (2000). Autoxidation of packed 
almonds as affected by Maillard reaction volatile compounds derived from roasting. Journal 
of Agricultural and Food Chemistry,48(10), 4635-4640. 
Shahidi, F., & Zhong, Y. (2005). Lipid oxidation: measurement methods. Bailey's Industrial Oil 
and Fat Products. (pp.357-385).  
Shahidi, F., John, J. A., & Harris, L. J. (2013). Oxidative rancidity in nuts. In Improving the 
Safety and Quality of Nuts, pp.198-229. 
Spiegel-Roy, P. (1986). Domestication of fruit trees. The Origin and Domestication of Cultivated 
Plants.(C. Barigozzi ed.), Elsevier, Amsterdam. 
St. Angelo, A. J., Kuck, J. C., & Ory, R. L. (1979). Role of lipoxygenase and lipid oxidation in 
quality of oilseeds. Journal of Agricultural and Food Chemistry, 27(2), 229-234. 
Takei, Y., & Yamanishi, T. (1974). Flavor components of roasted almond. Agricultural and 
Biological Chemistry, 38(12), 2329-2336.  
Takei, Y., Shimada, K., Watanabe, S., & Yamanishi, T. (1974). Volatile components of roasted 
almonds: basic fraction. Agricultural and Biological Chemistry, 38(3), 645-648.  
Tazi, S., Puigserver, A., & Ajandouz, E. H. (2009). A novel, fast and accurate 
chemiluminescence method for measuring lipoxidation in almonds and almond-based 
products during processing and storage. Food Chemistry, 116(4), 999-1004. 
51 
 
USDA. U.S. Department of Agriculture, Agricultural Research Service. 2013. National Nutrient 
Database for Standard Reference, Release 26. Nutrient Data Laboratory Home 
http://www.ars.usda.gov/ba/bhnrc/ndl Dec 12 2015 
Uthman, R. S., Toma, R. B., Garcia, R., Medora, N. P., & Cunningham, S. (1998). Lipid 
analyses of fumigated vs irradiated raw and roasted almonds. Journal of the Science of Food 
and Agriculture, 78(2), 261-266. 
Valdés, A., Beltrán, A., Karabagias, I., Badeka, A., Kontominas, M. G., & Garrigós, M. C. 
(2015). Monitoring the oxidative stability and volatiles in blanched, roasted and fried 
almonds under normal and accelerated storage conditions by DSC, thermogravimetric 
analysis and ATR‐FTIR. European Journal of Lipid Science and Technology, 117, 1199-
1213.  
van Loon, W. A., Linssen, J. P., Legger, A., Posthumus, M. A., & Voragen, A. G. (2005). 
Identification and olfactometry of French fries flavour extracted at mouth 
conditions. Food Chemistry, 90(3), 417-425.  
Vázquez-Araújo, L., Verdú, A., Navarro, P., Martínez-Sánchez, F., & Carbonell-Barrachina, Á. 
A. (2009). Changes in volatile compounds and sensory quality during toasting of Spanish 
almonds. International Journal of Food Science & Technology, 44(11), 2225-2233.  
Whitfield, F. B., & Mottram, D. S. (1992). Volatiles from interactions of Maillard reactions and 
lipids. Critical Reviews in Food Science & Nutrition,31(1-2), 1-58. 
52 
 
Wien, M., Bleich, D., Raghuwanshi, M., Gould-Forgerite, S., Gomes, J., Monahan-Couch, L., & 
Oda, K. (2010). Almond consumption and cardiovascular risk factors in adults with 
prediabetes. Journal of the American College of Nutrition, 29(3), 189-197. 
Wirthensohn, M. G., Chin, W. L., Franks, T. K., Baldock, G., Ford, C. M., & Sedgley, M. 
(2008). Characterising the flavour phenotypes of almond (Prunus dulcis Mill.) kernels. The 
Journal of Horticultural Science and Biotechnology, 83(4), 462-468.  
Xiao, L., Lee, J., Zhang, G., Ebeler, S. E., Wickramasinghe, N., Seiber, J., & Mitchell, A. E. 
(2014). HS-SPME GC/MS characterization of volatiles in raw and dry-roasted almonds 
(Prunus dulcis). Food Chemistry, 151, 31-39. 
Yaacoub, R., Saliba, R., Nsouli, B., Khalaf, G., & Birlouez-Aragon, I. (2008). Formation of lipid 
oxidation and isomerization products during processing of nuts and sesame seeds. Journal 
of Agricultural and Food Chemistry, 56(16), 7082-7090. 
Yang, J., Pan, Z., Takeoka, G., Mackey, B., Bingol, G., Brandl, M.T., Garcin, K., McHugh, T.H., 
& Wang, H. (2013). Shelf-life of infrared dry-roasted almonds. Food Chemistry, 138, 
671-678. 
Yaylayan, V. A. (2003). Recent advances in the chemistry of Strecker degradation and Amadori 
rearrangement: Implications to aroma and color formation. Food Science and Technology 
Research, 9(1), 1-6. 
Zacheo, G., Cappello, A. R., Perrone, L. M., & Gnoni, G. V. (1998). Analysis of factors 
influencing lipid oxidation of almond seeds during accelerated ageing. LWT-Food Science 
and Technology, 31(1), 6-9. 
53 
 
Zacheo, G., Cappello, M. S., Gallo, A., Santino, A., & Cappello, A. R. (2000). Changes 
associated with post-harvest ageing in almond seeds. LWT-Food Science and 
Technology, 33(6), 415-423. 
Zamora, R., & Hidalgo, F. J. (2011). The Maillard reaction and lipid oxidation.Lipid 
Technology, 23(3), 59-62. 
 
 
 
 
 
54 
 
CHAPTER 3 
IDENTIFICATION OF PREDOMINANT AROMA COMPONENTS OF RAW, DRY 
ROASTED AND OIL ROASTED ALMONDS 
3.1.  Abstract 
Volatile components of raw, dry roasted and oil roasted almonds were isolated by solvent 
extraction-solvent-assisted flavor evaporation and predominant aroma compounds identified by 
gas chromatography-olfactometry (GCO) and aroma extract dilutions analysis (AEDA), GC-
mass spectrometry, and by calculation of odor-activity values (OAVs).   Results showed that 1-
octen-3-one, vanillin and acetic acid were predominant aroma compounds in raw almonds.  
Those predominant in dry roasted almonds were identified as 2- and 3-methylbutanal, methional, 
Furaneol and 2-acetyl-1-pyyroline; whereas, in oil roasted almonds Furaneol, methional, 2- and 
3-methylbutanal, 2-ethyl-3,5-dimethylpyrazine, 2-acetyltetrahydropyridines and 2-acetyl-1-
pyyroline were the predominant aroma compounds. Overall, oil roasted almonds contained a 
greater number and higher abundance of aroma compounds than both raw and dry roasted 
almonds.  The results of this study demonstrated the importance of lipid-derived volatile 
compounds in raw almond aroma. Meanwhile, volatile compounds derived via the Maillard 
reaction, lipid degradation/oxidation and sugar degradation were predominant aroma compounds 
in dry and oil roasted almonds.  
 
Key words: raw almonds, roasted almonds, solvent-assisted flavor evaporation (SAFE), gas 
chromatography-olfactometry (GCO), aroma extract dilution analysis (AEDA)  
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3.2.  Introduction 
Among tree nuts, almond (Prunus dulcis (Mill) D.A. Webb) ranks third in worldwide 
production behind cashew and walnut, with the US being the largest producer (FAOSTAT 
2013).  The most common almond produced in the US is the Nonpareil variety (Almond Board 
of California 2015), which has numerous applications in the food industry and wide appeal 
among consumers.  Almond consumption has grown in recent years due in part to reports 
indicating the potential health benefits of almond consumption (Kamil and Chen 2012).  
Aside from the health-related studies, there are numerous reports on the volatile flavor 
components of raw and roasted almonds.  Volatile aldehydes, ketones, alcohols, alkanes and 
heterocyclic compounds have been reported in raw almonds (Wirtherson, Chin, Franks, Baldock, 
Ford and Sedgley 2008, Mexis, Badeka, Chouliara, Riganakos and Kontominas 2009, Beck, 
Mahoney, Cook and Gee 2011, Agila and Barringer 2012, Xiao et al 2014, Manzano, Diego, 
Bernal, Nozal and Bernal 2014).  Most studies published on raw almonds reported aldehydes, 
such as hexanal, nonanal and benzaldehyde, as the main volatile components (Mexis et al 2009, 
Xiao et al 2014).  Likewise, aldehydes also were reported as the main volatile components of 
almond oil (Pićurić-Jovanović and Milovanović 1993, Caja, del Castillo, Alvarez, Herraiz and 
Blanch 2000, Sanahuja, Santonja, Teruel, Carratala and Selva 2010 and Beltrán, Ramos, Grané, 
Martín and Garrigós 2011).  
Previous studies on dry roasted almonds reported aldehydes, ketones, alcohols, aromatic 
hydrocarbons, heterocyclic compounds, terpenes, and linear hydrocarbons as the main volatile 
constituents. Takei, Shimada, Watanabe and Yamanishi (1974) and Takei and Yamanishi (1974) 
identified 17 pyrazines and Furaneol as the main volatile compounds in roasted almonds. 
Vázquez-Araújo, Enguix, Verdú, García-García and Carbonell-Barrachina (2008) analyzed 3 
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cultivars of roasted almonds and found that pyrazines, pyrroles and furans comprised the main 
volatile compound classes.  In more recent studies, aldehydes were reported as the major 
volatiles in roasted almonds (Agila and Barringer 2012, Yang et al 2013, Xiao et al 2014, 
Manzano et al 2014, Valdés, Beltrán, Karabagias, Badeka, Kontominas and Garrigós 2015). 
There are only a few reports on the volatile components of oil roasted almonds.  Agila 
and Barringer (2012) reported that aldehydes and alcohols were the main volatile compounds 
and these compounds were present at lower concentrations in oil roasted almonds than in oven 
(dry) roasted almonds.  Valdés et al (2015) analyzed commercially-available fried (oil roasted) 
almonds and reported that the main volatile compounds were aldehydes. 
Various techniques have been used to extract or isolate the volatile compounds from 
almonds.  Most previous studies employed some type of headspace method with only a few 
exceptions in which solvent extraction techniques were used (Takei and Yamanishi 1974; Takei 
et al 1974; Vázquez-Araújo et al 2008).   In general, headspace methods alone are not suitable 
for the comprehensive aroma characterization of a food product because they do not allow for 
the isolation and analysis of semi-volatile aroma compounds.  Realizing this limitation, this 
study utilized solvent extraction combined with solvent-assisted flavor evaporation (SAFE) for 
the careful and exhaustive isolation of both volatile and semi-volatile compounds from raw and 
roasted almonds.  This approach has been reported to be suitable isolation of aroma compounds 
from high fat containing foods (Engel, Bahr and Schieberle 1999), such as almonds which 
contain approximately 50% lipid content (USDA 2013).  In addition, this study is the first to 
report the use of gas chromatography-olfactometry (GCO) for the identification of compounds in 
raw and roasted almonds.  The objective of this study was to identify the predominant aroma 
components of raw, dry roasted and oil roasted almonds by application of solvent extraction-
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SAFE combined with GCO and aroma extract dilution analysis (AEDA) and by determination of 
odor-activity values (OAVs). 
 
3.3.  Materials and methods 
3.3.1. Samples 
Whole shelled almonds (Prunus dulcis (Mill) D.A. Webb), Nonpareil variety, harvested 
in the 2011 season, were obtained from Blue Diamond®, California.  Upon arrival, almonds 
were stored at ~4°C until needed.  
 
3.3.1. Roasting of almonds 
Almonds were either dry roasted in an air ventilated oven (DN-61 Constant Temperature 
Oven, American Scientific Products, Ocala, FL) at 165 °C for 15 minutes or oil roasted in a 
Cayenne® electric fryer (The Vollrath Co., L.L.C., Sheboygan, WI) at 152±3°C for 8 minutes in 
canola oil (almond to oil ratio 1:4 w/w).   Roasting conditions were chosen based on published 
literature and industrial practices (Lukac, Amrein, Perren, Conde‐Petit, Amadò and Escher 2007, 
Perren and Escher 2007).  
 
3.3.2. Chemicals  
Diethyl ether (anhydrous, 99.7%), hydrochloric acid (HCl, 36.5%), sodium hydroxide 
(NaOH, 98.7%), sodium carbonate (Na2CO3), sodium chloride (NaCl) and sodium sulfate 
(granular, anhydrous 99%) were purchased from Fisher Scientific (Fairlawn, NJ). n-Alkane 
standards (C7-C30) and  internal standards; 2-ethylbutanoic  acid (acid fraction), 2-methyl-3-
heptanone (neutral fraction) and 2,4,6-trimethylpyridine (collidine) (basic fraction) were 
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purchased from Sigma-Aldrich Chemicals Co. (St Louis, MO).  Deodorized water was prepared 
by boiling deionized-distilled water until one-third of the original volume was evaporated.  
Authentic reference compounds listed in Tables 3.1-3.5 were obtained from commercial 
sources, as follows:  nos. 1-7, 11, 17-20, 24-26, 28-31, 36, 39, 40, 42, 46, 47, 54, 55, 57-59 
(Sigma-Aldrich Chemicals Co.);  no. 9 and 38 (Bedoukian, Danbury, CT);  and no. 12 
(Lancaster, Windham, NH).  The following compounds were synthesized using published 
procedures:  nos. 14, 22, 33 and 34 (Fuganti, Gatti and Serra 2007), no. 16 (Gerthner 2010), no. 
52 (Lin, Fay, Welti and Blank 1999) and no. 48 (Schuh and Schieberle 2005).   
 
3.3.3. Aroma compound extraction 
Almonds (300 g) were ground for 5 s in a glass blender, sieved (No. 12; SA Standard 
Testing Sieve, W.S. Tyler Inc. Mentor, OH) and divided equally into two Teflon (FPE) 
centrifuge bottles. Diethyl ether (100 ml) was added to each bottle. The bottles were sealed with 
FPE caps, shaken at 200 rpm (DS-500 Orbital Shaker, VWR International, Radnor, PA) for 16 h, 
and then centrifuged at 2000xg for 15 min.  The ether layer was collected.  Extraction was 
repeated two more times as above, except 50 mL ether was used for each extraction and 
extraction time was 30 min.  The three extracts were combined, concentrated to 200 mL using a 
Vigreux column (43°C) and stored at -70 °C until subjected to solvent-assisted flavor 
evaporation (SAFE) as described by Rotsatchakul, Chaiseri and Cadwallader (2007). 
 
3.3.4. Fractionation of aroma extracts  
The SAFE extract from above was subjected to compound class fractionation. First, the 
extract was washed with aqueous sodium carbonate (NaCO3) (5% w/v; 3x20 mL) to separate the 
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acidic compounds (aqueous phase) from the neutral/basic compounds (ether phase).  The 
aqueous phase was acidified with HCl (~4 N) to pH 2 and extracted with ether (3x20 mL) to 
yield the acidic (A) fraction.  The neutral/basic fraction from above was extracted with HCl (0.5 
M, 3 x 20 mL) to separate the neutral (N) compounds (ether fraction) from the basic (B) 
compounds (aqueous fraction).  The aqueous phase was made alkaline (pH 9) with NaOH (~2N) 
and then basic volatiles were extracted into ether (3x20 mL).   
Each fraction from above was washed with saturated NaCl solution (2 x 10 mL), 
condensed to 10 mL at using a Vigreux column (43°C) and then dried over anhydrous Na2SO4 (2 
g).   Extracts were then further concentrated to 2 mL using a Vigreux column (43°C) and stored 
at -70 °C.  Extracts were concentrated to 0.2 mL under a gentle stream of nitrogen prior to 
analysis.  
 
3.3.5. Gas chromatography-olfactometry (GCO) 
The GCO system consisted of a 6890 GC (Agilent Technologies Inc., Palo Alto, CA) 
equipped with a flame ionization detector (FID), a sniff port (DATU Technology Transfer, 
Geneva, NY) and cool on-column injector (+3 °C oven tracking).  Each extract (2 µL) was 
injected into a capillary column (either Stabilwax®-DA, 15 m length x 0.32mm i.d. x 0.5 um 
film; or RTX®5, 15 m length x 0.32mm i.d. x 0.5 um film; Restek, Bellefonte, PA).  GCO oven 
temperature was programmed from 40 to 225 °C at a rate of 10 °C/min with initial and final hold 
times of 5 and 40 min, respectively. Carrier gas was helium at a constant flow of 2 mL/min.  
Column effluent was split 1:1 between sniff port and FID using 0.15 mm i.d. deactivated 
capillary columns of equal length (1 m). 
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3.3.6. Aroma extract dilution analysis (AEDA) 
 AEDA was performed on 1:3 v/v dilutions using the GCO conditions described above 
according to Zhou, Wintersteen and Cadwallader (2002).   GCO was performed by three trained 
panelists.  Flavor dilution (FD) factors reported in Table 3.2 are the results of one panelist who 
completed all dilutions.  Only compounds with FD-factors  3 for raw almonds and FD-factors  9 
for dry and oil roasted are reported. 
 
3.3.7. Gas chromatography-mass spectrometry 
The system consisted of a 6890 GC/5973N mass selective detector (Agilent Technologies 
Inc.). Separations were performed on a fused silica capillary column (either Stabilwax®-DA, 15 
m length x 0.32mm i.d. x 0.5 um film, Restek; or SAC
TM 
5, 15 m length x 0.32mm i.d. x 0.25 um 
film; Supelco Inc. Bellefonte, PA, USA). GC oven temperature was programmed from 40 to 225 
°C at a rate of 3 °C/min with initial and final hold times of 5 and 40 min, respectively. Carrier 
gas was helium at a constant flow of 1 mL/min. MSD conditions were as follows: capillary direct 
interface temperature 250° C; ionization energy, 70 eV; mass range, 35-300 a.m.u; EM Voltage 
(Atune+200V).  One microliter extract was injected in the cold-splitless mode (-50°C for 0.1 
min, then ramped at 12°C/s and held at 260°C for 20 min; 1.10 min, splitless valve delay time). 
 
3.3.8. Identification of aroma-active compounds  
Compounds were positively identified by matching odor characteristics, retention indices 
(on polar and nonpolar GC columns) and electron-impact (EI) mass spectra of unknown 
compounds to authentic reference standards.  A compound was considered tentatively identified 
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if one or more of the above criterial could not be met.  Retention indices were calculated by 
injection of series of n-alkanes as described by van Den Dool and Kratz (1963).  
 
3.3.9. Quantitation of selected aroma compounds 
Positively identified aroma compounds were semi-quantitated by GC-MS.  Aroma 
extraction was performed as earlier described (section 3.3.3) except that almond samples (300 g) 
were first spiked (2 mL) with a mixture of internal standards (0.10 µg/mL of 2-ethylbutanoic 
acid for acid fraction, 0.66 µg/mL of collidine for basic fraction and 0.66 µg/mL of 2-methyl-3-
heptanone for neutral fraction).  The concentration of a target compound was determined based 
on the ratio of its selected ion peak area to that of selected ion peak area of its corresponding 
internal standard (Table 3.3).  These values were multiplied by a response factor (Rf) (Table 
3.3) and the mass of internal standard (IS) added to sample prior to extraction and then divided 
by the mass of the sample and isolation efficiency factor (IEF) as follows: 
Conc(ng/g) = (Areatarget/AreaIS.) × Rf × Mass of IS (ng)/(Sample Mass (g) x IEF) 
The response factor (1/slope) for a target compound was determined by linear regression 
of a plot of mass ratio (target/internal standard) versus selected ion area ratio (target /internal 
standard).  The mass ratios used to generate calibration plots were 10:1, 5:1, 1:1, 1:5, and 1:10. 
These solutions were analyzed by GC-MS as described in 3.3.7 and the area ratio of each target 
compound relative to its respective internal standard was calculated. Then, standard solution was 
spiked into the blank medium (ground raw almonds) and aroma compounds were extracted as 
explained in sections 3.3.3 and 3.3.4. Obtained extracts were injected to GC-MS and area ratio of 
target compound to internal standard was determined. Isolation efficiency factors were calculated 
as follows:    
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IEF= Area ratio of compoundextraction/Area ratio of compoundstandard solution 
 
3.3.10. Statistical Analysis 
Concentrations of selected aroma compounds in dry roasted and oil roasted almonds were 
compared by a one-way analysis of variance (ANOVA) based on Fisher’s LSD procedure using 
OriginPro® 2016 (OriginLab Corporation, North Hampton, MA, US) statistical software. 
 
3.3.11. Calculation of odor-activity values (OAVs) 
The OAV of a compound was calculated by dividing its concentration by its published 
odor detection threshold in oil or water.  
 
3.4. Results and discussion 
A combined total of 59 aroma-active compounds were detected in raw, dry roasted and oil 
roasted almonds by gas chromatography-olfactometry (GCO) (Table 3.1). Among these, 41 
compounds (17 aldehydes, 4 ketones, 10 nitrogen-containing and 4 sulfur-containing 
compounds, 3 acids and 3 furanones) were either positively (27) or tentatively (14) identified.  
The remaining 18 compounds were not identified (unknowns). 
 
3.4.1. Aroma-active compounds in almonds 
3.4.1.1. Aroma-active compounds in raw almonds 
Seventeen aroma compounds were detected by AEDA in raw almonds, including 6 
aldehydes, 2 ketones, 2 nitrogen-containing compounds, 1 sulfur-containing compound, 2 acids, 
1 furanone and 3 unknown compounds (Table 3.2).   The predominant aroma compound in this 
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group was 1-octen-3-one (no. 12; mushroom) with the highest FD-factor of 27.  The overall low 
FD factors for these odorants suggest that they may make only a slight contribution to the weak 
aroma of fresh raw almonds.  The remaining compounds, consisting mainly of aldehydes, all had 
low FD-factors of 3, indicating that individually these compounds may make only slight 
contributions to the overall aroma of raw almonds.   
Among the aroma compounds listed in Table 3.2, octanal (no. 11), nonanal (no. 18), 
acetic acid (no. 25) and methional (no. 28) were previously reported as volatile constituents of 
raw almonds (Agila and Barringer 2012, Beck et al 2011, Xiao et al 2014, Valdés et al 2015).  
Ten compounds (nos. 9, 12, 14, 16, 45, 46, 54, 57, 58 and 59) were identified for the first time as 
aroma-active compounds in raw almonds.   
 
3.4.1.2. Aroma-active compounds in roasted almonds 
Roasting of almonds resulted in an increase in the number and abundance of aroma 
compounds.  A total of 35 aroma-active compounds were detected by AEDA in dry roasted 
almonds. These consisted of 13 aldehydes, 2 ketones, 7 nitrogen-containing compounds, 4 
sulfur-containing compounds, 1 acid, 2 furanones and 6 unknown compounds (Table 3.2).   
Based on their relatively high FD-factors, the predominant aroma compounds in dry roasted 
almonds were aldehydes followed by nitrogen- and sulfur-containing compounds, ketones, 
furanones and acids.  Methional (no. 28; baked potato) had the highest FD-factor of 2187, 
followed by 2- and 3-methylbutanal (nos. 2 & 3; malty/dark chocolate), 2-acetyl-1-pyrroline (no. 
14; roasty/popcorn) and 2-ethyl-3,5-dimethylpyrazine (no. 29; baked potato/earthy), all with 
FD-factors of  729.  Methyl propyl disulfide (no. 7; garlic), 1-octen-3-one (no. 12; mushroom), 
2-propionyl-1-pyrroline (no. 22; roasty/popcorn), phenylacetaldehyde (no. 39; floral/honey) and 
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Furaneol (no. 54; strawberry/caramel) were also important aroma compounds in dry roasted 
almonds with FD-factors of  243.   
A total of 45 aroma-active compounds, consisting of 11 aldehydes, 4 ketones, 9 nitrogen-
containing compounds, 3 sulfur-containing compounds, 2 acids, 3 furanones and 13 unknown 
compounds (with FD factors ≥ 9), were detected in oil roasted almonds (Table 3.2).   
Predominant aroma compounds were furanones, nitrogen-containing compounds, sulfur-
containing compounds, aldehydes, ketones and acids.  Furaneol (no. 54; strawberry/caramel) 
had the highest FD-factor of 6561, followed by methional (no. 28; baked potato), 2-acetyl-1-
pyrroline (no. 14; roasty/popcorn-like) and 2-ethyl-3,5-dimethylpyrazine (no. 29; baked 
potato/earthy), all with FD-factors of 2187.  Other important aroma compounds (FD-factors of 
729) were 2- and 3-methylbutanal (nos. 2 & 3; malty/dark chocolate), (E,E)-2,4-nonadienal (no. 
43; fatty/fried), 2-propionyl-1-pyrroline (no. 22; roasty/popcorn) and 2-furfurylthiol (no. 24; 
coffee).  
Nine compounds were detected in dry roasted almonds that were not found in oil roasted 
almonds, including (E,Z)-2,6-nonadienal (no. 36), (E)-2-decenal (no. 38), (E)-4,5-epoxy-(E)-2-
decenal (no. 53), methyl propyl disulfide (no. 7) and  5 unknown compounds (nos. 27, 40, 41, 50 
and 51).  On the other hand, oil roasted almonds contained eighteen compounds that were not 
detected in in dry roasted almonds. These consisted of 2-ethyl-5-methylpyrazine (no. 19), 2-
ethyl-3,6-dimethylpyrazine (no. 26), diacetyl (no. 4), (Z)-1,5-octadien-3-one (no. 16), acetic acid 
(no. 25), (E,E,Z)-2,4,6-nonatrienal (no. 48), cyclotene (no. 47) and 11 unknown compounds (nos. 
8, 10, 13, 15, 23, 34, 36, 44, 49, 50 and 56). 
Fourteen compounds listed in Table 3.2 (2- and 3-methylbutanal (nos. 2 & 3), hexanal 
(no. 6), octanal (no. 11), (E)-2-nonenal (no. 31), (E)-2-decenal (no. 38), phenylacetaldehyde (no. 
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39), (E,E)-2,4-decadienal (no. 46), 2,3-pentanedione (no. 5), 2,3,5-trimethylpyrazine (no. 20), 
2,3-diethyl-5-methylpyrazine (no. 30), dimethyltrisulfide (no. 17), methional (no. 28) and 
Furaneol (no. 54))  were previously reported as volatile constituents of dry roasted almonds 
(Takei et al 1974, Takei and Yamanishi 1974, Vázquez-Araújo et al 2008, Agila and Barringer 
2012, Yang et al 2013, Xiao et al 2014, Manzano et al 2014, Valdés et al 2015). Moreover, only 
ten compounds (2- and 3-methylbutanal (nos. 2 & 3), hexanal (no. 6), octanal (no. 11), 2-ethyl-5-
methylpyrazine (no. 19), 2,3,5-trimethylpyrazine (no. 20), methional (no. 28), (E)-2-nonenal (no. 
31), phenylacetaldehyde (no. 39) and (E,E)-2,4-decadienal (no. 46)) were previously reported in 
oil roasted almonds (Agila and Barringer 2012,  Valdés et al 2015). A combined total of 25 
compounds are reported in this study for the first time in dry roasted (nos. 1, 7, 9, 12, 14, 22, 24, 
33, 34, 36, 40, 43, 53 and 55 ) and oil roasted almonds (nos. 1, 4, 5, 9, 12, 14, 16, 17, 22, 24, 25, 
26, 29, 30, 33, 34, 40, 43, 47, 48, 54 and 55).  
 
3.4.2. Concentrations and odor-activity values (OAVs) of positively identified aroma 
components in raw and roasted almonds 
Concentrations and odor-activity values (OAVs) of 27 positively identified aroma-
compounds detected in raw, dry roasted and oil roasted almonds are given in Tables 3.4 and 3.5, 
respectively. Since almonds contain a high level of lipid, OAVs were calculated based on 
published odor detection thresholds determined in oil, when available.  
Among the 6 compounds quantitated in raw almonds, vanillin (no. 67) was the most 
abundant and also had the highest OAV.  Acetic acid (no. 23) was also found relatively high in 
abundance and OAV of 1. The OAVs for the other four compounds quantitated in raw almonds, 
including 1-octen-3-one (no. 12), were low (<1).   
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In contrast to raw almonds, the OAVs were much higher in roasted almonds. Twenty and 
24 aroma compounds were quantitated in dry and oil roasted almonds, respectively.  With the 
exception of phenylacetaldehyde (no. 39), all compounds were in higher abundance in oil roasted 
almonds.  In dry roasted almonds, 2- and 3-methylbutanal (nos. 2 & 3), hexanal (no. 6) and 
Furaneol (no. 57) were present at the highest concentrations. On the basis of their high OAVs, 2-
acetyl-1-pyrroline (no. 14), methional (no. 28) and 2-acetyl-3,4,5,6-tetrahydropyridine and 2-
acetyl-1,4,5,6-tetrahydropyridine (nos. 33 & 34) and Furaneol (no. 57) were considered as the 
predominant aroma compounds in dry roasted almonds.  The OAVs for most predominant aroma 
compounds are in good agreement with their FD-factors determined by AEDA. 
In oil roasted almonds Furaneol (no. 57) was in the highest abundance, followed by 2- 
and 3-methylbutanal (nos. 2 & 3), cyclotene (no. 47), hexanal (no. 6) and methional (no. 28).  
Based on their relatively high OAVs, methional (no. 28), Furaneol (no. 57), 2-acetyl-3,4,5,6-
tetrahydropyridine and 2-acetyl-1,4,5,6-tetrahydropyridine (nos. 33 & 34), and 3-methylbutanal 
(no. 3) were the predominant aroma compounds in oil roasted almonds.  As in dry roasted 
almonds, the OAVs for most predominant aroma compounds are in good agreement with their 
FD-factors determined by AEDA.  
 
3.4.3. Aroma chemistry of almonds 
3.4.3.1. Chemistry of the aroma components of raw almonds 
Aroma compounds in raw almonds are mainly formed via biosynthesis and enzymatic 
degradations and by lipid oxidation during and after harvest. In this study, many of the 
compounds identified in raw almonds were products of lipid oxidation. For example, , 1-octen-3-
one (no. 12; mushroom), is an important aroma component of raw mushroom where it is formed 
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by enzymatic degradation of linoleic acid by lipoxygenase (LOX) and hydroperoxide lyase 
(HPL) (Combet, Henderson, Eastwood and Burton 2006). Likewise, (Z)-1,5-octadien-3-one (no. 
16; geranium/earthy) is a LOX/HPL breakdown product of linolenic acid (Tressl, Bahri and 
Engel 1981). Aldehydes, such as octanal (no. 11; pungent/orange), nonanal (no. 18; 
pungent/green), (E)-2-undecenal (no. 45; fresh/cilantro) and (E,E)-2,4-decadienal (no. 46; 
fatty/fried), are formed by autoxidation of oleic and/or linoleic acid (Whitfield and Mottram 
1992). (Z)-4-Heptenal (no. 9; fishy/stale) is formed by retro-aldol degradation of (E,Z)-2,6-
nonadienal (Josephson and Lindsay 1987).  
In addition to lipid oxidation, some aroma compounds in raw almonds may be formed via 
biosynthesis and other pathways. Acetic acid (no. 25; vinegar) can be produced by acetic acid 
bacteria in plants or by degradation of hexoses in thermal processes (Hodge 1953). Vanillin (no. 
59; vanilla) can be biosynthesized in plants from ferulic acid (plant cell wall material) (Walton, 
Mayer and Narbad 2003). Skatole (no. 57; medicine/fecal) may be formed by oxidation of 
indole-3-acetic acid, a plant growth hormone, in the presence of glutathione (Candeias et al 
1994). 2-Acetyl-1-pyrroline (no. 14; roasty/popcorn) can be formed from proline by Strecker 
degradation during the Maillard reaction (Blank, Devaud, Matthey-Doret, Pollien, Robert and 
Yeretzian 2003). Methional (no. 28; baked potato) and phenylacetic acid (no. 58; floral/honey) 
are Strecker degradation products of methionine (Whitfield and Mottram 1992) and phenyl 
alanine (Hofmann, Münch and Schieberle 2000), respectively. The fact that Maillard reactions 
occur at all temperatures explains the presence of such compounds in raw almonds. 
As previously mentioned (Section 3.2), hexanal and benzaldehyde have been previously 
reported the main volatiles in raw almonds. However; in this study, they were not detected as 
aroma-active compounds in raw almonds. Benzaldehyde is a characteristic aroma compound of 
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bitter almonds but has a high odor threshold. In this study, sweet almonds (Nonpareil) were 
studied and the concentration of benzaldehyde was not high enough to affect the aroma of these 
almonds. Hexanal is a product of autoxidation of linoleic acid (Whitfield and Mottram 1992) and 
has been used to determine the level of oxidation in almonds (Yang et al 2013). The fact that 
hexanal was not detected in raw almonds used in this study indicates that these almonds were 
relatively fresh and not oxidized. This is further evidenced by the low number and abundance of 
other lipid oxidation volatiles in the raw almonds. 
 
3.4.3.2. Chemistry of aroma components of dry roasted and oil roasted almonds 
During thermal processing of foods, aroma compounds are mainly formed by the 
Maillard, lipid oxidation/degradation and caramelization reactions. Maillard reaction products 
are generally formed by the reaction between reducing sugars and amino acids.  However, lipid 
degradation products, such as carbonyl compounds, can also react with amino compounds and 
Maillard reaction products to form additional volatiles (Whitfield and Mottram 1992). 
The aroma profiles of dry and oil roasted almonds were more similar than different. As 
mentioned earlier, 25 aroma compounds were detected by AEDA in both dry roasted and oil 
roasted almonds. Oil roasted almonds contained an additional 18 aroma compounds that were not 
detected in dry roasted almonds, and 9 compounds were found in dry roasted almonds but not 
detected in oil roasted almonds. Moreover, oil roasted almonds contained a greater number and 
higher abundance of furanones and nitrogen-containing aroma compounds than dry roasted 
almonds. Ten compounds (nos. 2, 3, 11, 12, 20, 22, 31, 33, 34 and 40) were found significantly 
high concencentration in oil roasted almonds. On the other hand, the number of aldehydes and 
sulfur-containing compounds were higher in dry roasted almonds than in oil roasted almonds. 
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Aroma profile difference between the two types of roasting processes might be caused by the 
heat transfer mechanism (convective versus conductive), roasting time-temperature conditions 
and/or aroma compound interaction with the heating medium (air vs. oil).  Van Loon, Linssen, 
Legger, Posthumus and Voragen (2005) indicated that during frying of French fries, the high 
heat transfer rate in oil resulted in the formation of more sugar degradation and Maillard reaction 
products (~85%) than lipid-derived volatiles (~15%).  Additionally, during oil roasting, frying oil 
can coat the almonds and act as a barrier to confine and protect the volatile compounds (Perren 
and Escher 2007).   
    Nitrogen-containing compounds are known to be important contributors to the roasted 
flavor of thermally processed foods.  In the present study pyrrolines, pyrazines and 
tetrahydropyridines were the main aroma compounds identified in this category.  Pyrrolines and 
pyridines (2-acetyl-1-pyrroline (no. 14), 2-propionyl-1-pyrroline (no. 22), 2-acetyl-3,4,5,6-
tetrahydropyridine and its tautomer 2-acetyl-1,4,5,6-tetrahydropyridine (nos. 33 & 34) were 
responsible for roasty/popcorn notes and can be formed by Strecker degradation of proline in the 
Maillard reaction (Blank et al 2003). As for pyrazines, 2-ethyl-5-methylpyrazine (no. 19; 
sweet/nutty), 2,3,5-trimethylpyrazine (no. 20; roasty/earthy), 2-ethyl-3,6-dimethylpyrazine (no. 
26; roasty/green) and 2-ethyl-3,5-dimethylpyrazine (no. 29; baked potato/earthy) have been 
shown to be formed in glucose/methionine model system (Yu and Ho 1995) and 2,3-diethyl-5-
methylpyrazine (no. 30; baked potato/earthy) formed in alanine Maillard model systems 
(Amrani-Hemaimi, Cerny and Fay 1995). In addition to nitrogen-containing compounds, 
aldehydes, such as 2-methylpropanal (no. 1; malty/dark chocolate), 2- and 3-methylbutanal (nos. 
2 & 3; malty/dark chocolate), phenylacetaldehyde (no. 39; floral/honey) and methional (no. 28; 
baked potato), are important aroma compounds in roasted almonds and they are formed by 
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Strecker degradation of valine, isoleucine, leucine, phenylalanine and methionine, respectively 
(Whitfield and Mottram 1992). Moreover, the ketones, diacetyl and 2,3-pentanedione (no. 5; 
buttery), can be formed by the Maillard reaction by either sugar degradation or by the reaction of 
amino acids with sugar degradation products (Yaylayan and Keyhani 1999). The furanone, 
sotolon (no. 55; spicy/curry), may be formed by the thermal-induced oxidative deamination of 4-
hydroxy-L-isoleucine (Blank, Lin, Fumeaux, Welti and Fay 1996b). 
In addition to the Maillard reaction, other sugar degradation (caramelization) reactions 
are responsible for the formation of aroma compounds in roasted almonds. For example, 
Furaneol (no. 54; strawberry/caramel), cyclotene (no. 47; spicy/curry) and acetic acid (no. 25; 
vinegar) may be formed by thermal degradation of sugars (Yu and Ho 1995, Blank, Devaud and 
Fay 1996a, Hodge 1953). 
Some aldehydes and ketones in roasted almonds may be formed by the degradation and 
autoxidation of fatty acids. These included hexanal (no. 6; green/cut grass), (E,E)-2,4-nonadienal 
(no. 43; fatty/fried), (E,E)-2,4-decadienal (no. 46; fatty/fried) (Whitfield and Mottram 1992), (E)-
2-nonenal (no. 31; hay/floral) (Galliard and Phillips 1976) and 1-octen-3-one (no. 12; 
mushroom) (Combet et al 2006) from linoleic acid; (E)-2-decenal (no. 38; pungent/green) from 
oleic acid;  octanal (no. 11; pungent/orange) from both oleic  and linoleic acid (Whitfield and 
Mottram 1992); and (E,Z)-2,6-nonadienal (no. 36; cucumber) (Whitfield and Mottram 1992), 
(E,E,Z)-2,4,6-nonatrienal (no. 48; fatty/oatmeal) (Schuh and Schieberle 2005) and (Z)-1,5-
octadien-3-one (no. 16; geranium/earthy) (Tressl et al 1981) from linolenic acid. The compound 
(E)-4,5-epoxy-(E)-2-decenal (no. 53; metallic) was shown to be formed by thermal degradation 
of fatty acids (Gassenmeier and Schieberle 1994). Further degradation of certain aldehydes can 
result in formation of new aroma compounds, such as (Z)-4-heptenal (no. 9; fishy/stale) by retro-
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aldol degradation of (E,Z)-2,6-nonadienal (Josephson and Lindsay 1987) and 3-methylbutyric 
acid (no. 40; cheesy/sweaty) by oxidation of 3-methylbutanal (Hofmann et al 2000), respectively.   
Several compounds were formed by degradation of sulfur-containing amino-acids during 
roasting of almonds. Dimethyltrisulfide (no. 17; sulfurous/cabbage) is a known degradation 
product of methionine (Yu and Ho 1995) and 2-furfurylthiol (no. 24; coffee) can be formed from 
cysteine (Parliament and Stahl 1994). Methyl propyl disulfide (no. 7; garlic) was shown to be 
formed by thermal degradation of S-propyl-L-cysteine sulfoxide and thermal interaction between 
glucose and S-propyl-L-cysteine sulfoxide (Yu 1997).  
In addition to the identified compounds, several unknown compounds (nos. 8 (roasted nut), 
10 (mushroom/raw vegetable), 13 (spicy/metallic), 15 (roasty/popcorn), 21 (fresh/minty), 23 
(fruity/sweet), 27 (onion), 32 (rancid/musty), 35 (roasted nut/fatty), 37 (roasted nut/fatty), 41 
(rancid nut/fatty), 42 (roasted nut/peanut), 44 (roasted nut/fatty), 49 (coffee), 50 (fatty/nut), 51 
(fatty/nut) and 56 (musty/wet cloth)) were detected by GCO and AEDA.  A number of these had 
high FD-factors (nos. 21, 32, 42 and 51 in dry roasted almonds and nos. 13, 23, 32, 35 and 49 in 
oil roasted almonds) and might contribute to the aroma of roasted almonds.  
 
3.5. Conclusions  
This study provides the first comprehensive determination of the aroma components of 
raw, dry roasted and oil roasted almonds.  Lipid oxidation products and acetic acid were found to 
be the predominant aroma-active compounds in raw almonds; whereas Maillard reaction (and 
Strecker degradation), sugar and lipid degradation products were predominant in the aroma 
profiles of both dry and oil roasted almonds.  More aroma compounds (mainly furanones and 
nitrogen-containing aroma compounds) were identified in oil roasted almonds than in dry roasted 
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almonds.  Further studies are suggested for the identification of potentially important unknown 
aroma compounds in raw, dry roasted and oil roasted almonds. 
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3.6. Tables 
Table 3.1. Predominant aroma-active compounds identified in raw, dry roasted and/or oil roasted 
almonds by gas chromatography-olfactometry. 
No Compound Odor F
a 
Wax 
RI 
DB5 RI Identification 
Method
b 
1 2-Methylpropanal Malty, dark 
chocolate 
N 809 <700 RI, Odor 
2 2-Methylbutanal  Malty, dark 
chocolate 
N 907 <700 RI, Odor, MS 
3 3-methylbutanal Malty, dark 
chocolate 
N 916 <700 RI, Odor, MS 
4 Diacetyl (2,3-
butanedione) 
Buttery A 1001 <700 RI, Odor 
5 2,3-Pentanedione Buttery N 1076 701 RI, MS, Odor 
6 Hexanal Green, cut grass N 1091 801 RI, MS, Odor 
7 Methyl propyl disulfide Garlic B/N 1243  RI, Odor 
8 Unknown Roasted nut B 1257  Odor 
9 (Z)-4-Heptenal Fishy, stale N 1259 903 RI, Odor 
10 Unknown Mushroom, raw 
vegetable 
A 1289  Odor 
11 Octanal Pungent, orange N 1298 1001 RI, MS, Odor 
12 1-Octen-3-one Mushroom N 1312 980 RI, MS, Odor 
13 Unknown Spicy, metallic A 1319  Odor 
14 2-Acetyl-1-pyrroline Roasty, popcorn B 1350 924 RI, Odor 
15 Unknown Roasty, popcorn B 1369  Odor 
16 (Z)-1,5-Octadien-3-one Geranium, 
earthy 
N 1388 984 RI, Odor 
17 Dimethyltrisulfide Sulfurous, 
cabbage 
N 1390 969 RI, MS, Odor 
18 Nonanal Pungent, green N 1395 1099 RI, MS, Odor 
19 2-Ethyl-5-methylpyrazine Sweet, nutty B 1400 1000 RI, MS, Odor 
20 2,3,5-Trimethylpyrazine Roasty, earthy B 1423 1005 RI, MS, Odor 
21 Unknown Fresh, minty N 1430  Odor 
22 2-Propionyl-1-pyrroline Roasty, popcorn B 1440 1024 RI, MS, Odor 
23 Unknown Fruity, sweet B 1450  Odor 
24 2-Furfurylthiol (Furan-2-
ylmethanethiol) 
Coffee A/N 1451 918 RI, Odor 
25 Acetic acid Vinegar A 1460  RI, MS, Odor 
26 2-Ethyl-3,6-
dimethylpyrazine 
Roasty, green B 1464 1078 RI, MS, Odor 
27 Unknown Onion N 1470  Odor 
28 Methional (3-
methylsulfanylpropanal) 
Baked potato N 1474 909 RI, MS, Odor 
29 2-ethyl-3,5-
dimethylpyrazine 
Baked potato, 
earthy 
B 1475 1082 RI, MS, Odor 
       
74 
 
Table 3.1 (cont.)      
       
No Compound Odor F
a 
Wax 
RI 
DB5 RI Identification 
Method
b 
30 2,3-Diethyl-5-
methylpyrazine 
Baked potato, 
earthy 
B/N 1509 1160 RI, MS, Odor 
31 (E)-2-Nonenal Hay, floral N 1529 1159 RI, MS, Odor 
32 Unknown Rancid, musty N 1551  Odor 
33 2-Acetyl-3,4,5,6-
tetrahydropyridine 
Popcorn, roasted 
nut 
B ~1568 1053 RI, MS, Odor 
34 2-Acetyl-1,4,5,6-
tetrahydropyridine 
Popcorn, roasted 
nut 
B ~1568 1117 RI, MS, Odor 
35 Unknown Roasted nut, 
fatty 
N 1573  Odor 
36 (E,Z)-2,6-Nonadienal Cucumber N 1603 1158 RI, Odor 
37 Unknown Roasted nut, 
fatty 
N 1610  Odor 
38 (E)-2-Decenal Pungent, green N 1646  RI, Odor 
39 Phenylacetaldehyde Floral, honey N 1663 1047 RI, MS, Odor 
40 3-Methylbutyric acid Cheese, sweaty A 1681 885 RI, MS, Odor 
41 Unknown Rancid nut, fatty N 1681  Odor 
42 Unknown Roasted nut, 
peanut 
N 1689  Odor 
43 (E,E)-2,4-Nonadienal Fatty, fried N 1690 1234 RI, MS, Odor 
44 Unknown Roasted nut, 
fatty 
N 1725  Odor 
45 (E)-2-Undecenal Fresh, cilantro N 1742 1370 RI, Odor 
46 (E,E)-2,4-Decadienal Fatty, fried N 1831 1325 RI, MS, Odor 
47 Cyclotene (3-
Methylcyclopentane-1,2-
dione) 
Spicy, curry A 1852 1032 RI, MS, Odor 
48 (E,E,Z)-2,4,6-Nonatrienal Fatty, oatmeal N 1863 1266 RI, Odor 
49 Unknown Coffee A 1884  Odor 
50 Unknown Fatty, nut N 1901  Odor 
51 Unknown Fatty, nut N 1995  Odor 
52 Unknown Plastic N 2001  Odor 
53 (E)-4,5-Epoxy-(E)-2-
Decenal 
Metallic N 2033 1385 RI, Odor 
54 Furaneol (4-Hydroxy-2,5-
dimethylfuran-3-one) 
Strawberry, 
caramel 
A 2056 1063 RI, MS, Odor 
55 Sotolon (3-Hydroxy-4,5-
dimethylfuran-2(5H)-one) 
Spicy, curry A 2226 1124 RI, Odor 
56 Unknown Musty, wet cloth A 2270  Odor 
57 Skatole (3-Methyl-1H-
indole) 
Medicine, fecal A 2485 
 
RI, Odor 
58 Phenylacetic acid Floral, honey A 2570  RI, Odor 
       
75 
 
Table 3.1 (cont.)      
       
No Compound Odor F
a 
Wax 
RI 
DB5 RI Identification 
Method
b 
59 Vanillin (4-Hydroxy-3-
methoxybenzaldehyde) 
Vanilla A 2588 1421 RI, MS, Odor 
a
F: Primary fraction in which aroma-active compound was detected; A: Acid, B: Base and N: Neutral fractions 
b
Identification Methods: Retention Index (RI), Odor Quality (Odor) and Mass Spectra (MS)
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Table 3.2. Flavor dilution factors of predominant aroma-active compounds of raw, dry roasted 
and oil roasted almonds based on chemical groups. 
   Flavor Dilution (FD) Factors
a 
No Compound F
b 
Raw  Dry 
roasted 
Oil roasted 
 Aldehydes     
1 2-Methylpropanal N  9 27 
2/3 2-/3-Methylbutanal N  243 729 
6 Hexanal N  27 9 
9 (Z)-4-Heptenal N 3 27 27 
11 Octanal N 3 9 9 
18 Nonanal N 3   
31 (E)-2-Nonenal N  9 27 
36 (E,Z)-2,6-Nonadienal N  9  
38 (E)-2-Decenal N  9  
39 Phenylacetaldehyde N  81 243 
43 (E,E)-2,4-Nonadienal N  27 729 
45 (E)-2-Undecenal N 3   
46 (E,E)-2,4-Decadienal N 3 27 81 
48 (E,E,Z)-2,4,6-Nonatrienal N   9 
53 (E)-4,5-Epoxy-(E)-2-Decenal N  27  
59 Vanillin  A 3   
 Ketones     
4 Diacetyl  A   9 
5 2,3-Pentanedione N  27 9 
12 1-Octen-3-one N 27 81 81 
16 (Z)-1,5-Octadien-3-one N 3  27 
 Nitrogen-containing compounds     
14 2-Acetyl-1-pyrroline B 3 243 2187 
19 2-Ethyl-5-methylpyrazine B   81 
20 2,3,5-Trimethylpyrazine B  9 81 
22 2-Propionyl-1-pyrroline B  81 729 
26 2-ethyl-3,6-dimethylpyrazine B   243 
29 2-ethyl-3,5-dimethylpyrazine  B  243 2187 
30 2,3-Diethyl-5-methylpyrazine B  9 81 
33/34 2-Acetyl-3,4,5,6-(or 1,4,5,6) 
tetrahydropyridine 
B  9 243 
57 Skatole  A 3   
 Sulfur-containing compounds     
7 Methylpropyldisulfide B/N  81  
17 Dimethyltrisulfide N  27 243 
24 2-Furfurylthiol  A/N  9 729 
28 Methional  N 3 2187 2187 
 Acids     
25 Acetic acid A 3  81 
40 3-Methylbutyric acid A  9 27 
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Table 3.2 (cont.)     
      
   Flavor Dilution (FD) Factors
a
 
No Compound F
b 
Raw  Dry 
roasted 
Oil roasted 
58 Phenylacetic acid A 3   
47 Cyclotene  A   27 
54 Furaneol  A 3 81 6561 
55 Sotolon  A  9 81 
 Unknown compounds     
8 Unknown (roasted nut) B   27 
10 Unknown (mushroom, raw 
vegetable) 
A   9 
13 Unknown (spicy, metallic) A   81 
15 Unknown (roasty, popcorn) B   9 
21 Unknown (fresh, minty) N  27 9 
23 Unknown (fruity, sweet) B   27 
27 Unknown (onion) N  9  
32 Unknown (rancid, musty) N  27 27 
35 Unknown (roasted nut, fatty) N   27 
37 Unknown (roasted nut, fatty) N   9 
41 Unknown (rancid nut, fatty) N 3 9  
42 Unknown (roasted nut, peanut) N  27  
44 Unknown (roasted nut, fatty) N   9 
49 Unknown (coffee) A   27 
50 Unknown (fatty, nut) N   9 
51 Unknown (fatty, nut) N  27  
52 Unknown (plastic) N 3   
56 Unknown (musty, wet cloth) A 3  9 
a
 Flavor dilution factors was obtained based on Stabil-WAX® column 
b
F: Primary fraction in which aroma-active compound was detected; A: Acid, B: Base and N: Neutral fractions 
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Table 3.3. GC-MS calibration table for positively identified aroma-active compounds in raw, dry 
roasted and oil roasted almonds. 
No Compound Internal 
Standard 
Target 
MS 
ion
a 
IS 
MS 
ion
b 
Response 
factor
 
R
2c
 IEF
d 
2/3 2 & 3-Methylbutanal 2-Methyl-3-
heptanone 
57 128 0.535 0.999 N/A 
5 2,3-Pentanedione 2-Methyl-3-
heptanone 
100 128 0.975 0.992 N/A 
6 Hexanal 2-Methyl-3-
heptanone 
44 128 0.598 0.993 0.14 
11 Octanal 2-Methyl-3-
heptanone 
84 128 1.45 0.971 0.85 
12 1-Octen-3-one 2-Methyl-3-
heptanone 
55 128 0.301 0.987 1.02 
14 2-Acetyl-1-pyrroline Collidine 111 121 3.24 0.985 0.32 
17 Dimethyltrisulfide 2-Methyl-3-
heptanone 
126 128 0.279 0.997 1.03 
18 Nonanal 2-Methyl-3-
heptanone 
98 128 1.61 0.994 0.17 
19 2-Ethyl-5-
methylpyrazine 
Collidine 121 121 0.87 0.988 2.53 
20 2,3,5-Trimethylpyrazine Collidine 122 121 1.20 0.984 1.48 
22 2-Propionyl-1-pyrroline Collidine 97 121 0.896 0.985 1.70 
 
25 Acetic acid 2-Ethylbutyric 
acid 
43 88 1.36 0.999 2.22 
26 2-Ethyl-3,6-
dimethylpyrazine 
Collidine 135 121 1.30 0.970 2.36 
28 Methional 2-Methyl-3-
heptanone 
104 128 1.46 0.994 0.01 
29 2-Ethyl-3,5-
dimethylpyrazine 
Collidine 135 121 0.838 0.986 2.37 
30 2,3-Diethyl-5-
methylpyrazine 
Collidine 135 121 1.63 0.983 1.27 
31 (E)-2-Nonenal 2-Methyl-3-
heptanone 
83 128 1.19 0.978 0.64 
33/34 2-Acetyl-3,4,5,6-(or 
1,4,5,6) 
tetrahydropyridine 
Collidine 125 121 1.52 0.982 0.32
e 
38 (E)-2-Decenal 2-Methyl-3-
heptanone 
70 128 0.951 0.981 0.41 
39 Phenylacetaldehyde 2-Methyl-3-
heptanone 
91 128 0.197 0.988 0.20 
40 3-Methylbutyric acid 2-Ethylbutyric 
acid 
60 88 0.851 0.999 1.64 
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Table 3.3 (cont.)       
        
No Compound Internal 
Standard 
Target 
MS 
ion
a 
IS 
MS 
ion
b 
Response 
factor
 
R
2c
 IEF
d 
43 (E,E)-2,4-Nonadienal 2-Methyl-3-
heptanone 
81 128 0.321 0.986 0.33 
45 (E,E)-2,4-Decadienal 2-Methyl-3-
heptanone 
81 128 0.385 0.975 0.17 
47 Cyclotene 2-Ethylbutyric 
acid 
112 88 2.00 0.999 0.16 
54 Furaneol 2-Ethylbutyric 
acid 
128 88 3.88 0.988 0.02 
59 Vanillin 2-Ethylbutyric 
acid 
152 88 2.40 0.999 0.03 
a  
Selected EI-MS ion for target compound used for response factor and quantitation. 
b
 Selected EI-MS ion of internal standard.  
c
 R-squared values for linear regression of calibration curves. 
d
 IEF: Isolation efficiency factor 
e
 Isolation efficiency factor of 2-acetyl-1-pyrroline was used. 
 
 
 
 80 
 
Table 3.4. Concentrations of positively identified aroma-active compounds of raw, dry roasted 
and oil roasted almonds. 
  Concentration (ng/g)
1 
No Compound Raw  Dry roasted Oil roasted 
 Aldehydes    
2/3 2 & 3-Methylbutanal  530
a 
±63 8135
b 
±870 
6 Hexanal  1650±100 2185±215 
11 Octanal 1.4±2.0 21
a 
±0.75 52
b 
±2.5 
18 Nonanal 72±5.9   
31 (E)-2-Nonenal  5.7
a 
±1.3 20
b 
±3.4 
38 (E)-2-Decenal  8.7±12  
39 Phenylacetaldehyde  571±105 426±158 
43 (E,E)-2,4-Nonadienal  1.9±2.75 2.6±3.6 
46 (E,E)-2,4-Decadienal 2.3±3.2 22±7.7 60±23 
59 Vanillin 830±980   
 Ketones    
5 2,3-Pentanedione  17±7.2 123±39 
12 1-Octen-3-one 0.23±0.32 0.42
a 
±0.60 6.1
b 
±1.7 
 Nitrogen-containing compounds    
14 2-Acetyl-1-pyrroline tr
2
 12±12 30±9.8 
19 2-Ethyl-5-methylpyrazine   398±71 
20 Trimethylpyrazine  27
a 
±22 622
b 
±99 
22 2-Propionyl-1-pyrroline  0.19
a 
±0.28 7.4
b 
±0.52 
26 2-ethyl-3,6-dimethylpyrazine   610±100 
29 2-ethyl-3,5-dimethylpyrazine   0.85
a 
±0.33 69
b 
±0.87 
30 2,3-Diethyl-5-methylpyrazine  tr 66±21 
33/34 2-Acetyl-3,4,5,6 (or 1,4,5,6)-
tetrahydropyridine   
 99
a 
±16 1150
a 
±284 
 Sulfur-containing compounds    
17 Dimethyltrisulfide  0.31±0.02 7.7±2.5 
28 Methional  636±676 1275±728 
 Acids    
25 Acetic acid 137±175  614±868 
40 3-Methylbutyric acid  28
a 
±5.5 185
b 
±12 
 Furanones    
47 Cyclotene   2990±410 
54 Furaneol tr 1765±2020 37970±26680 
1
Average concentration ± standard deviation (n=2)  
2
Compound present at trace level (below GC-MS detection limit). 
a-b 
Means with different superscripts in the same row within the roasted samples are significantly different (p>0.05) 
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Table 3.5. Odor-activity values (OAVs) of positively identified aroma-active compounds in raw, 
dry roasted and oil roasted almonds. 
      OAV
a 
No Compound Odor 
threshold 
in oil 
(ug/L) 
Reference
b 
Raw Dry 
roasted 
Oil 
roasted 
 Aldehydes      
2 2-Methylbutanal 140 Guadagni et al 
1972 
 4 58 
3 3-Methylbutanal 13 Guadagni et al 
1972 
 41 626 
6 Hexanal 120 Guadagni et al 
1972 
 14 18 
11 Octanal 56 Reiners et al 1998 <1 <1 1 
18 Nonanal 1000 Guadagni et al 
1972 
<1   
31 (E)-2-Nonenal 900 Guth and Grosch 
1990 
 <1 <1 
38 (E)-2-Decenal 33800 Belizt et al 2009  <1  
39 Phenylacetaldehyde 22 Guadagni et al 
1972 
 26 19 
43 (E,E)-2,4-Nonadienal 2500 Belizt et al 2009  <1 <1 
46 (E,E)-2,4-Decadienal 180 Guth and Grosch 
1990 
<1 <1 <1 
59 Vanillin 181 Pfnür 1998 5   
 Ketones      
5 2,3-Pentanedione 0.3 Burdack-Freitag 
2007 
 56 411 
12 1-Octen-3-one 10 Guth and Grosch 
1990 
<1 <1 1 
 Nitrogen containing 
compounds 
     
14 2-Acetyl-1-pyyroline 0.1 Schieberle 1996  123 297 
19 2-Ethyl-5-methylpyrazine 320 Guadagni et al 
1972 
  1 
20 Trimethylpyrazine 27 Koehler et al 
1971 
 1 23 
22 2-Propionyl-1-pyrroline 0.1 Burdack-Freitag 
2007 
 2 74 
26 2-ethyl-3,6-
dimethylpyrazine 
57 Wagner and 
Grosh 1998 
  11 
29 2-ethyl-3,5-
dimethylpyrazine 
2.2 Wagner and 
Grosh 1998 
 4 344 
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Table 3.5 (cont.)      
       
      OAV
a 
No Compound Odor 
threshold 
in oil 
(ug/L) 
Reference
b 
Raw Dry 
roasted 
Oil 
roasted 
30 2,3-Diethyl-5-
methylpyrazine 
0.5 Wagner and 
Grosh 1998 
  132 
33/34 2-Acetyl-3,4,5,6- (or 
1,4,5,6)-
tetrahydropyridine 
1.2 Chetschik et al 
2010 
 82 959 
 Sulfur containing 
compounds 
     
17 Dimethyltrisulfide 2.5 Kubı́cková and 
Grosch 1998 
 <1 3 
28 Methional 0.2 Preininger and 
Grosch 1994 
 3177 6377 
 Acids      
25 Acetic acid 124 Reiners et al 1998 1  5 
40 3-Methylbutyric acid 22 Reiners et al 1998  1 8 
 Furanones      
47 Cyclotene 300
c
 Nishimura and 
others 1990 
  7 
54 Furaneol 25 Preininger and 
Grosch 1994 
 71 1519 
a
 Odor-activity values were calculated by dividing the concentration of a compound by its odor-detection threshold 
in oil.  
b 
Literature references for the corresponding odor detection thresholds.  
c 
Odor detection threshold in water. 
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CHAPTER 4 
OXIDATIVE STATE OF NUT ON AROMA QUALITY OF RAW ALMONDS AND 
AROMA PROFILE OF ROASTED ALMONDS UPON LONG TERM STORAGE 
 
4.1.  Abstract 
Predominant aroma-active components of stored raw (SR) and stored raw-then-roasted 
(SRTR) almonds were identified by gas chromatography-olfactometry (GCO) and aroma extract 
dilutions analysis (AEDA) and semi-quantitated by GC-mass spectrometry (GC-MS). Raw 
almonds were stored at either room temperature (RT 24±1°C), 37°C or 4°C for 18, 9 or 12 
months, respectively.  Almonds stored at RT and 37°C were analyzed every 3 months and the 
4°C stored almonds were analyzed at the end of storage. Based on results of AEDA (FD-factors), 
quantitative analysis and the determined odor-activity values (OAVs), the predominant aroma 
compounds in raw almonds were identified as 1-octen-3-one, hexanal and acetic acid. Aldehydes 
and acids were found in highest abundance in raw almonds. The total concentration of aroma 
compounds increased in raw during storage at all temperatures. In SRTR almonds, methional, 
Furaneol, 3-methylbutanal and 2-acetyl-3,4,5,6 (& 1,4,5,6)-tetrahydropyridine were the 
predominant aroma compounds, while aldehydes, nitrogen-containing compounds and acids 
were found in highest overall abundance. Total concentration of aroma compounds increased in 
SRTR almonds stored at RT and 37°C, whereas they decreased in almonds stored at 4°C. 
Concentrations of nitrogen-containing aroma compounds, responsible for roasted notes, 
increased in the SRTR almonds throughout the storage period. Results of this study indicate that 
storing raw almonds prior to roasting effect on the levels of thermally generated aroma 
compounds formed during roasting.  
 93 
 
    Key words: storage, raw almonds, roasted almonds, aroma-active compounds, lipid 
oxidation 
 
4.2.  Introduction 
In California, almonds are harvested once in a year for a short period of time (August to 
October). This limited time of harvest results in the need for prolonged storage of almonds to 
meet the market need for almonds throughout the year. Almonds are considered to be vulnerable 
to lipid oxidation due to their high content of unsaturated lipids (~43% unsaturated fatty acids, 
USDA 2013). Improper and/or prolonged storage of nuts can lead to quality deteriorations, such 
as development of rancidity, change in color, loss of desirable flavors and nutrients (Shahidi, 
John and Harris 2013). Flavor fade in roasted nuts is another problem that occurs during storage. 
Bett and Boylston (1992) found that while volatile lipid oxidation products increased during 
storage of roasted nuts, pyrazines which are responsible for roasted flavor of nuts decreased, 
leading to a decline in roasted flavor. 
Even though unshelled almonds can be stored up to 12 months without significant flavor 
changes (Zacheo, Cappello, Gallo, Santino & Cappello 2000), common industrial practices in the 
US is to shell almonds right after harvest and before packaging. Labavitch (2014) suggested that 
while optimum storage period for in-shell almonds were 20 months at 0°C, 16 months at 10°C 
and 8 months at 20°C, for shelled whole almonds the optimum storage times were nearly half as 
long at the same storage temperatures.  Roasted almonds have relatively shorter shelf-life than 
raw almonds. Harris, Westcott and Henick (1972) stored roasted almonds at -18°C and 38°C and 
found that they were unacceptable after 6 and 3 months, respectively, because of the 
development of rancidity.  
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Although there are several reports on quality changes during long-term storage of 
almonds (Harris et al 1972, Guadagni, Soderstromn & Storey 1978, Rizzolo, Senesi & Colombo 
1993, Uthman, Toma, Garcia, Medora, & Cunningham 1998,Severini, Gomes, De Pilli, Romani 
& Massini 2000, Zacheo et al 2000, García-Pascual, Mateos, Carbonell & Salazar 2003, 
Sanchez-Bel, Egea, Pretel, Flores, Romojaro, & Martínez-Madrid 2011, Lin et al 2012, Raisi, 
Ghorbani, Mahoonak, Kashaninejad & Hosseini 2015), there are few reports on total volatile 
profiles of raw and roasted almonds during long-term storage.  
Mexis, Badeka & Kontominas (2009) and Mexis and Kontominas (2010) found that 
storage of whole kernel and raw ground almonds for 12 months at 20°C resulted in increase in 
lipid oxidation volatiles such as aldehydes, ketones, alcohols, alkenes and aromatic 
hydrocarbons. Lee, Xiao, Zhang, Ebeler & Mitchell (2014) analyzed roasted almonds stored at 
25°C and 35°C for 24 weeks and found that majority of aldehydes, alcohols, pyrazines, 
heterocyclic and sulfur-containing compounds decreased during storage. Yang et al (2013) 
analyzed roasted almonds stored at 37°C for 8 months and found that aldehydes, alcohols and 
ketones increased, whereas most pyrazines decreased during storage. 
There are also few studies on the effects of accelerated storage conditions on the volatile 
profile of almond. Salcedo and Nazerano (2015) stored raw ground almonds to analyze 
secondary oxidation products at 100°C for 24 hours and found hexanal, 2-octenal, 2-heptenal, 
nonanal, 2-undecenal, 3-decen-1-ol, pentanal, 2,4-decadienal and 2-undecenal. Valdés, Beltrán, 
Karabagias, Badeka, Kontominas & Garrigós (2015) analyzed raw and roasted almonds under 
accelerated aging conditions (at 100°C for 10 days). Based on their results, additional aldehydes, 
ketones, pyrazines and 2-pentylfuran were formed by oxidative reactions in raw almonds, and 
ketones, pyrazines, furans and aldehydes were the main volatiles in the aged roasted almonds.  
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Among the studies on stored almonds, there are no reports on aroma-active compounds 
analyzed by the combination of gas chromatography-olfactometry (GCO) and GC-mass 
spectrometry. Furthermore, in all of the studies mentioned above on volatiles of stored almonds, 
headspace techniques were used to isolate compounds. In the present study, solvent extraction 
combined with solvent-assisted flavor evaporation (SAFE) was used to exhaustively extract 
volatile and semi-volatile compounds from raw and roasted almonds. This method is also a 
suitable technique for high fat foods (Engel, Bahr and Schieberle 1999) such as almonds, which 
contain approximately 50% lipid content (USDA 2013). Additionally, volatile compounds in 
roasted almonds in previous storage studies were based on storing almonds after roasting (Yang 
et al 2013, Lee et al 2014, Valdés et al 2015). However; there are no published studies conducted 
to date based that have evaluated the effect of storage of raw almonds prior to roasting.  
Therefore, the main objective of this study to identify the aroma-active components of raw 
almonds formed during long-term storage and to determine the effects of aging of raw almonds 
on generation of aroma compounds upon roasting.  
 
4.3.  Materials and Methods 
4.3.1.  Sample handling and storage 
Whole shelled almonds (Prunus dulcis (Mill) D.A. Webb), Nonpareil variety, harvested 
in the 2011 season were obtained from Blue Diamond®, California. Samples were divided into 
three batches for 3 different storage conditions and placed in glass jars. Raw almonds were 
stored in dark at room temperature (24±0.2°C), at 37°C and at 4°C (refrigerated) for 18, 9 and 12 
months, respectively. Samples stored at room temperature and 37°C were analyzed every 3 
months, while those stored at 4°C were analyzed only once at end of storage (Table 4.1). At each 
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sampling time, two batches of raw almonds were taken. One batch was analyzed immediately 
and another batch was subjected to roasting prior to analysis. All analyses were in duplicates. 
 
4.3.2. Roasting almonds 
Fresh almonds at initial storage (0 month) and stored raw almonds throughout the storage 
were roasted in an air ventilated oven (DN-61 Constant Temperature Oven, American Scientific 
Products, Ocala, FL) at 165 °C for 15 minutes. Roasting time and temperatures were chosen as a 
result of literature search and based on industrial practices (Lukac et al 2007).  
 
4.3.3. Chemicals 
Diethyl ether (anhydrous, 99.7%), hydrochloric acid (HCl, 36.5%), sodium hydroxide 
(NaOH, 98.7%), sodium carbonate (Na2CO3), sodium chloride (NaCl) and sodium sulfate 
(granular, anhydrous 99%) were purchased from Fisher Scientific (Fairlawn, NJ). n-Alkane 
standards (C7-C30) and  internal standards; 2-ethylbutanoic  acid (acid fraction), 2-methyl-3-
heptanone (neutral fraction) and 2,4,6-trimethylpyrazine (basic fraction) were purchased from 
Sigma-Aldrich Chemicals Co. (St Louis, MO).  Deodorized water was prepared by boiling out 
one third of the deionized water.  
The authentic reference standards for aroma compounds listed in Table 4.2-4.12 were 
obtained from commercial sources: nos. 1-7, 10, 14-18, 21, 23-26, 28, 29, 35, 39, 40, 43, 44, 46-
48, 51, 53, 59, 62, 65-67 (Sigma-Aldrich Chemicals Co), nos. 8 and 38 (Bedoukian, Danbury, 
CT), and no. 11 (Lancaster, Windham, NH).  The following compounds were synthesized using 
published procedures:  nos. 12, 20, 31 and 32 (Fuganti, Gatti & Serra 2007), no. 13 (Gertner 
2010), no. 50 (Schuh and Schieberle 2005) and no. 57 (Lin, Fay, Welti & Blank 1999).  
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4.3.4. Aroma compound extraction  
Almonds (300 g) were ground for 5 s in a glass blender, sieved (No. 12; SA Standard 
Testing Sieve, W.S. Tyler Inc. Mentor, OH) and divided equally into two Teflon (FPE) 
centrifuge bottles. Diethyl ether (100 ml) was added to each bottle. The bottles were sealed with 
FPE caps, shaken at 200 rpm (DS-500 Orbital Shaker, VWR International, Radnor, PA) for 16 h, 
and then centrifuged at 2000xg for 15 min.  The ether layer was collected.  Extraction was 
repeated two more times as above, except 50 mL ether was used for each extraction and 
extraction time was 30 min.  The three extracts were combined, concentrated to 200 mL using a 
Vigreux column (43°C) and stored at -70 °C until being subjected to solvent-assisted flavor 
evaporation (SAFE) as described by Rotsatchakul, Chaiseri & Cadwallader (2007). 
 
4.3.5. Fractionation of aroma extracts  
The SAFE extract from above was subjected to compound class fractionation. First, the 
extract was washed with aqueous sodium carbonate (NaCO3) (5% w/v; 3x20 mL) to separate the 
acidic compounds (aqueous fraction) from the neutral/basic compounds (ether fraction).  The 
aqueous phase was acidified with HCl (~4 N) to pH 2 and extracted with ether (3x20 mL) to 
yield the acidic (A) fraction.  The neutral/basic fraction from above was extracted with HCl (0.5 
M, 3 x 20 mL) to separate the neutral (N) compounds (ether fraction) from the basic (B) 
compounds (aqueous fraction).  The aqueous phase was made alkaline (pH 9) with NaOH (~2N) 
and then basic volatiles were extracted with ether (3x20 mL).   
Each fraction from above was separately washed with saturated NaCl solution (2 x 10 
mL), condensed to 10 mL at using a Vigreux column (43°C) and then dried over anhydrous 
Na2SO4 (2 g).   Extracts were then further concentrated to 2 mL using a Vigreux column (43°C) 
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and stored at -70 °C.  Extracts were concentrated to 0.2 mL under a gentle stream of nitrogen 
prior to analysis.  
 
4.3.6. Gas Chromatography-olfactometry (GCO) 
The GCO system consisted of a 6890 GC (Agilent Technologies Inc., Palo Alto, CA) 
equipped with a flame ionization detector (FID), a sniff port (DATU Technology Transfer, 
Geneva, NY) and cool on-column injector (+3 °C oven tracking).  Each extract (2 µL) was 
injected into a capillary column (either Stabilwax®-DA, 15 m length x 0.32mm i.d. x 0.5 um 
film; or RTX®5, 15 m length x 0.32mm i.d. x 0.5 um film; Restek, Bellefonte, PA).  GCO oven 
temperature was programmed from 40 to 225 °C at a rate of 10 C/min with initial and final hold 
times of 5 and 40 min, respectively. Carrier gas was helium at a constant flow of 2 mL/min.  
Column effluent was split 1:1 between sniff port and FID using 0.15 mm i.d. deactivated 
capillary columns of equal length (1 m). 
 
4.3.7. Aroma extract dilution analysis (AEDA) 
AEDA was performed on 1:3 v/v dilutions using the GCO conditions described above 
according to Zhou, Wintersteen and Cadwallader (2002).   GCO was performed by three trained 
panelists.  Flavor dilution (FD) factors reported in Tables 4.3 and 4.4 are the results of one 
panelist who completed all dilutions. 
 
4.3.8. Gas chromatography-mass spectrometry (GC-MS) 
The system consisted of a 6890 GC/5973N mass selective detector (Agilent Technologies 
Inc.). Separations were performed on a fused silica capillary column (either Stabilwax®-DA, 15 
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m length x 0.32mm i.d. x 0.5 um film, Restek; or SAC
TM 
5, 15 m length x 0.32mm i.d. x 0.25 um 
film; Supelco Inc. Bellefonte, PA, USA). GC oven temperature was programmed from 40 to 225 
°C at a rate of 3 °C/min with initial and final hold times of 5 and 40 min, respectively. Carrier 
gas was helium at a constant flow of 1 mL/min. MSD conditions were as follows: capillary direct 
interface temperature 250° C; ionization energy, 70 eV; mass range, 35-300 a.m.u; EM Voltage 
(Atune+200V).  One microliter extract was injected to GC in the cold-splitless mode (-50°C for 
0.1 min, then ramped at 12°C/s and held at 260°C for 20 min). 
 
4.3.9. Identification of aroma-active compounds  
Compounds were positively identified by matching odor characteristics, retention indices 
on polar and nonpolar GC columns and electron-impact (EI) mass spectra of unknown 
compounds to the authentic reference standards.  A compound was considered to be tentatively 
identified if one or more of the above criterial could not be met.  Retention indices were 
calculated by injection of series of n-alkanes as described by van der Dool and Kratz (1963).  
 
4.3.10.  Quantitation of selected aroma compounds 
Positively identified aroma compounds were quantitated by GC-MS.  Aroma extraction 
was performed as earlier described (Chapter 3.3.6) except that almond samples (300 g) were first 
spiked (2 mL) with a mixture of internal standards (0.10 µg/mL of 2-ethylbutanoic acid for acid 
fraction, 0.66 µg/mL of collidine for basic fraction and 0.66 µg/mL of 2-methyl-3-heptanone for 
neutral fraction).  Concentrations were determined based on comparison of the peak area ratios 
of the selected ion for the target compounds against those of the internal standards.  These values 
were multiplied by response factors (Rf) (Table 4.5) and mass of internal standard (IS) added to 
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sample prior to extraction and then divided by the mass of sample and isolation efficiency factor 
(IEF) as follows: 
Conc(ng/g) = (Areatarget/AreaIS.) × Rf × Mass of IS (ng)/(Sample Mass (g) x IEF) 
The response factor (1/slope) for a target compound was determined by linear regression 
of a plot of mass ratio (target/internal standard) versus selected ion area ratio (target /internal 
standard).  The mass ratios used to generate calibration plots were 10:1, 5:1, 1:1, 1:5, and 1:10. 
Isolation efficiency factor was determined as follows: Standard solutions of acid, base and 
neutral target compounds and internal standard mixtures were prepared. These solutions were 
analyzed by GC-MS as described in 4.3.8) and the area ratio of each target compound relative to 
its respective internal standard was calculated. Then, standard solution was spiked into the blank 
medium (ground raw almonds) and aroma compounds were extracted as explained in sections 
4.3.4 and 4.3.5. Obtained extracts were injected to GC-MS and area ratio of target compound to 
internal standard was determined. Isolation efficiency factors were calculated as follows: 
IEF= Area ratio of compoundextraction/Area ratio of compoundstandard solution 
 
4.3.11.  Calculation of odor-activity values (OAVs):  
The OAV of the compounds were calculated as the ratio of concentration of the target 
compounds in almonds to its published odor detection threshold in oil or water.  
 
4.3.12.  2-Pentylfuran concentration  
For the purpose of monitoring the lipid oxidation during storage, in both raw and stored-
then-roasted (SRTR) almonds, concentration of 2-pentylfuran was quantitated as explained in 
section 4.3.10.   
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4.3.13.  Statistical Analysis 
Effect of the storage time on concentrations of selected aroma compounds was 
determined by a one-way analysis of variance (ANOVA) based on Fisher’s LSD procedure using 
OriginPro® 2016 (OriginLab Corporation, North Hampton, MA, US) statistical software.  
 
4.4. Results and Discussion 
A combined total of 67 aroma compounds were detected by gas chromatography-
olfactometry (GCO) in stored-raw (SR) and stored-raw-then-roasted (SRTR) almonds for all 
three storage temperatures (Table 4.2).  Among these, 30 compounds (18 aldehydes, 4 ketones, 
10 nitrogen-containing and 4 sulfur-containing compounds, 4 acids, 3 furanones, 2 miscellaneous 
types) were positively identified, with another 15 being tentatively identified.  Twenty-two 
compounds were not identified (indicated as unknowns).   
 
4.4.1. Aroma components of both SR and SRTR almonds 
FD-factors for aroma compounds detected in both stored-raw (SR) and stored-raw-then-
roasted (SRTR) almonds fluctuated throughout the storage periods.  FD-factors of SRTR 
almonds (max. FD=19683) were much higher than those for raw almonds (max. FD=243).  In 
general, almonds stored at 4°C had lower FD-factors than those stored at the higher 
temperatures.  
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4.4.1.1. Aroma components of  SR almonds 
A combined total of 33 aroma compounds were detected by GCO in SR almonds (Table 
4.2).  These consisted of 13 aldehydes, 2 ketones, 2 nitrogen-containing and 1 sulfur-containing 
compounds, 3 acids, 2 furanones, 2 miscellaneous and 8 unknown compounds.   Eight 
compounds [(E)-4,5-epoxy-(E)-2-decenal (no. 57; metallic/plastic), hexanoic acid (no. 48; 
sweaty), sotolon (no. 62; spicy/curry), unknown compounds nos. 19 (fresh/minty), 58 (floral), 60 
(peach), 63 (mothballs) and 64 (new plastic)] were not found in raw almonds at the beginning of 
storage, but were detected only at later stages of storage.  Three compounds [1-octen-3-one (no. 
11; mushroom), (E,E,Z)-2,4,6-nonatrienal (no. 49; fatty/oatmeal), skatole (no. 65; 
medicine/fecal) and an unknown compound (no. 64; new plastic)] were detected at the highest 
FD-factors (243) in SR almonds during at least one type of storage. The compound 1-octen-3-
one (no. 11) was the predominant aroma-compound in RT-stored raw almonds and underwent a 
consistent increase throughout storage. Other important aroma compounds identified were (E,E)-
2,4-decadienal (no. 46; fatty/fried), (E,E,Z)-2,4,6-nonatrienal (no. 49) and skatole (no. 65). 
Additionally, 5 unknown compounds, consisting of nos. 30 (rancid nut), 41 (rancid/fatty), 60 
(peach), 63 (mothballs) and 64 (new plastic), were also important aroma contributors in raw 
almonds stored at RT.  In raw almonds stored at 37°C, 1-octen-3-one (no. 11), (E,E)-2,4-
decadienal (no. 46) and 2-phenylethanol (no. 51; honey/rosy) were  the predominant aroma 
compounds. In addition, unknown compounds nos. 30 (rancid nut) and 41 (rancid/fatty) were 
also important aroma contributors. Meanwhile, in raw almonds stored at 4°C, skatole (no. 65) 
was the predominant aroma compound with an FD-factor of 243.  The other aroma compounds 
in 4°C stored raw almonds had relatively low FD-factors (max. FD=27) compared to raw 
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almonds stored at either RT or 37°C.  Overall, 1-octen-3-one (no. 11) was the predominant 
aroma compound in both fresh and stored raw almonds regardless of the storage temperature. 
Among the aroma compounds identified in this study, only hexanal (no. 6), octanal (no. 
10), nonanal (no. 15) and 2-phenylethanol (no. 51) were previously reported stored and/or 
accelerated aged raw almonds (Mexis et al 2009, Mexis and Kontominas 2010, Valdés et al 
2015).  Furthermore, only of the 9 compounds reported in SR almonds in this study (i.e., hexanal 
(no. 6; green/cut grass), octanal (no. 10; pungent/orange), nonanal (no. 15; pungent/green), (E)-
2-octenal (no. 18; fatty/nutty), (E)-2-nonenal (no. 29; hay-like/floral), (E,E)-2,4-nonadienal (no. 
43; fatty/fried), (E)-2-undecenal (no. 44; cilantro), (E,E)-2,4-decadienal (no. 46) and hexanoic 
acid (no. 48)) were previously identified in an accelerated aging study on almond oil (Beltrán, 
Ramos, Grané, Martín and Garrigós 2011). 
 
4.4.1.2. Aroma components of SRTR almonds 
A combined total of 62 aroma compounds were detected in the SRTR almonds.  These 
consisted of 18 aldehydes, 3 ketones 10 nitrogen-containing and 4 sulfur-containing compounds, 
4 acids, 3 furanones and 2 miscellaneous compounds and 18 unknown compounds (Table 4.3).  
Fifteen components (2-ethyl-5-methylpyrazine (no. 16; sweet/nutty), 2-ethyl-2,6-
dimethylpyrazine (no. 24; roasted nut/green), hexanoic acid (no. 48; sweaty), 2-phenylethanol 
(no. 51; honey/rosy), skatole (no. 65; medicine/fecal)  and 10 unknown compounds nos. 27 
(sweaty), 33 (rancid nut), 34 (popcorn), 36 (floral), 50 (coffee), 52 (coconut), 55 (sweet/candy), 
60 (peach), 61 (mothballs) and 64 (new plastic)) were detected only in the stored SRTR almonds 
and not in the initial (time zero) roasted almonds.  FD-factors of aroma components of SSTR 
almonds were considerably higher than those for SR almonds.  Methional (no. 25; baked potato) 
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and Furaneol (no. 59; strawberry/caramel) increased throughout storage and were detected at the 
highest FD factor of 19683 in in all SRTR regardless of storage temperature.  The following 
discussion focuses on aroma compounds other than methional (no. 25) and Furaneol (no. 59).  
Aside from methional and Furaneol, compounds that greatly contributed to the aroma 
SRTR almonds stored at RT were 2-methylbutanal (no. 2; malty/dark chocolate), 3-
methylbutanal (no. 3; malty/dark chocolate), hexanal (no. 6; green/cut grass), 
phenylacetaldehyde (no. 39; floral/honey), 2-acetyl-1-pyrroline (no. 12; roasty/popcorn), 2-
propionyl-1-pyrroline (no. 20; roasty/popcorn), 2-ethyl-3,6-dimethylpyrazine (no. 24; roasted 
nut/green), 2-ethyl-3,5-dimethylpyrazine (no. 26; baked potato/earthy), 2,3-diethyl-5-
methylpyrazine (no. 28; baked potato/earthy), 2-acetyl-3,4,5,6 (& 1,4,5,6)-tetrahydropyridine 
(nos. 31 & 32; roasty/popcorn) and unknown compounds nos. 30 (rancid nut) and 41 
(rancid/fatty).  Likewise for SRTR almonds stored at 37°C, additional predominant aroma 
compounds were 2-methylbutanal (no. 2), 2-acetyl-1-pyrroline (no. 12), 2-ethyl-3,5-
dimethylpyrazine (no. 26), 2-acetyl-3,4,5,6 (&- 1,4,5,6)-tetrahydropyridine (nos. 31 & 32) and 
unknown compound no. 34 (popcorn). Meanwhile, 3-methylbutanal (no. 3) and 2-acetyl-3,4,5,6 
(& 1,4,5,6)-tetrahydropyridine (nos. 31 & 32) were important aroma-contributors in SRTR 
almonds stored at 4°C.  
In previous reports, almonds were roasted and then stored. Among the aroma compounds 
detected in this study, there were 17 compounds (nos.  2, 3, 4, 6, 10, 15, 16, 17, 18, 23, 24, 29, 
38, 39, 46, 48 and 51) were previously reported in stored and/or accelerated aged roasted 
almonds (Yang et al 2013, Lee et al 2014, Valdés et al 2015). 
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4.4.2. Concentrations and odor-activity values (OAVs) of positively identified aroma 
compounds in SR and SRTR almonds 
Positively identified compounds (Table 4.5) were quantitated by GC-MS in SR and 
SRTR almonds throughout storage (Tables 4.6 and 4.7). These consisted of 10 compounds in 
SR almonds and 30 in SRTR almonds. Among these, aldehydes were predominant in both SR 
and SRTR almonds, in terms of being present in highest numbers.  For most compounds, a 
similar fluctuating pattern was observed for both their FD-factors and measured concentrations.  
The compounds acetic acid (no. 23), hexanal (no. 6), vanillin (no. 11) and nonanal (no. 
15) were in highest abundance in SR almonds. Hexanal (no. 6) significantly increased in 
concentration during the first 3 month of storage at both RT and 37°C and then decreased 
thereafter. Additionally, 1-octen-3-one (no. 11) significantly increased in SR almonds through 
the end of storage at RT. (E,E)-2,4-decadienal (no. 46) significantly increased durin the storage 
at 4°C.Vanillin (no. 67) decreased during storage regardless of the storage temperature.  
In SRTR almonds, 2- and 3-methylbutanal (nos. 2 & 3), hexanal (no. 6), methional (no. 
25), phenylacetaldehyde (no. 39) and Furaneol (no. 57) were found in highest concentrations. 
Methional (no. 25) significantly increased during storage regardless of the storage temperature. 
(E)-2-Nonenal (no. 29) and phenylacetaldehyde (no. 39) from aldehydes and all nitrogen-
containing compounds, significantly increased during the storage at RT and 37°C; meanwhile, 
dimethyltrisulfide (no. 14) increased during the storage at 37°C and 4°C. Levels of hexanal (no. 
6) and 1-octen-3-one (no. 11) significantly increased only at the storage at RT, levels of 3-
methylbutyric acid (no. 40) and cyclotene (no. 47) significantly increased only at the storage at 
37°C and level of (E,E)-2,4-decadienal (no. 46) significantly increased only at the storage at 4°C. 
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Total abundance for the various aroma compounds in SR and SRTR almonds on the basis 
of functional group are shown in Tables 4.8 and 4.9.  In SR almonds, a significant increase was 
observed only for ketones at the storage at RT and 37°C and for miscallenous group at the 
storage at RT. There was no significant change at the storage at 4°C. In SRTR almonds, 
aldehydes, ketones and nitrogen-containing compounds significantly increased at the end of 
room temperature storage. Ketones and furanones had a significant increase at the storage at 4°C. 
Furthermore, sulfur-containing compounds significantly increased at the end of storage for all 
temperature. Nitrogen-containing and sulfur-containing compounds were the only groups for 
which concentrations steadily increased throughout the storage period for all temperatures. Total 
abundances of all compounds based on different storage conditions for both SR and SRTR 
almonds are shown in Figure 4.1.  In SR almonds, total concentration of aroma compounds 
increased at RT and 37°C, but decreased at 4°C at the end of storage. In SRTR almonds, total 
concentrations increased at all storage temperatures.  
Odor-activity values were also calculated from the quantitation results using published 
odor-detection threshold values in oil (Table 4.6). OAVs of stored almonds are shown at Tables 
4.7 and 4.8.  In SR almonds, all positively identified compounds had low OAVs at RT and 37°C, 
except hexanal (no. 6) and acetic acid (no. 23). All compounds had low OAVs in SR almonds 
stored at 4°C.  In SRTR samples, OAVs were considerably higher for SRTR almonds than for 
SR almonds. Compounds with the highest OAVs in SRTR almonds were methional (no. 25), 
Furaneol (no. 57) and 2-acetyl-3,4,5,6 (&1,4,5,6)-tetrahydropyridine (nos. 31 & 32).  
Additionally, 3-methylbutanal (no. 3), 2,3-pentanedione (no. 5), 2-acetyl-1-pyrroline (no. 12) 
and phenylacetaldehyde (no. 39) had relatively high OAVs. 
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Based on combined results of AEDA (FD-factors) and the OAVs, 1-octen-3-one (no. 11), 
hexanal (no. 6) and acetic acid (no. 23) were the predominant aroma components of SR almonds.  
Meanwhile, methional (no. 25), Furaneol (no. 57), 2- and 3-methylbutanal (nos. 2 & 3) and 2-
acetyl-3,4,5,6 (&- 1,4,5,6)-tetrahydropyridine (nos. 31 & 32) were the predominant aroma 
components of SRTR almonds. 
 
4.4.3.  2-pentylfuran (2PF) content 
Various methods have been used to indicate the lipid oxidation status or level in almonds.  
These include peroxide value, ρ-anisidine value, thiobarburtaric acid reactive substances 
(TBARS), and content of volatile aldehydes such as hexanal and nonanal (García-Pascual et al 
2003, Lin et al 2012, Mexis and Kontominas 2010, Rizzolo et al 1993, Valdés et al 2015). Yang 
et al (2013) suggested that concentrations of hexanal and nonanal were a better indicator than 
peroxide value. Kinderlerer and Johnson (1992) suggested that aldehydes such as hexanal and 
octanal concentrations were better than peroxide and iodine values to measure rancidity in 
hazelnuts. However; hexanal and nonanal may not be suitable indicators during storage since 
they can act as intermediates or precursors to other volatile compounds, e.g., they may oxidize to 
form hexanoic and nonanoic acid, respectively (Palamand and Dieckmann 1974, Lillard and Day 
1964). In this study, hexanal and nonanal contents fluctuated during storage.  
As a secondary oxidation product, 2-pentylfuran (2PF) is more stable than the aldehydes. 
It can be formed by autoxidation of linoleate hydroperoxides (Frankel, Neff & Selke 1981) and 
has been shown to undergo a consistent increase during storage. Previously, 2PF was used as 
marker for oxidative degradation in olive oil (Kanavouras, Hernandez-Münoz & Coutelieris 
2004). Therefore, 2PF was chosen as a lipid oxidation indicator in the present study. 2PF was 
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detected in both SR and SRTR samples throughout storage time; however, with its high odor 
detection threshold [2000 ppb in oil (Evans, Moser & List 1971)] it was not in present in high 
enough concentrations to affect almond aroma. 2PF contents of SR and SRTR almonds are 
shown in Figure 4.2.  2PF levels did not change for both SR and SRTR almonds during storage 
4°C.  At the end of RT storage, 2PF levels for SR and SRTR were even lower than for 37°C 
storage at the third month of storage. During RT storage concentration of 2PF constantly 
increased, whereas at 37°C it displayed a rapid increase at the beginning of storage followed by a 
slow increased. Storage at 37°C for 3 months resulted in formation of higher concentrations of 
2PF than did storage at room temperature for 18 months.  
 
4.4.4.   Effect of storage on the flavor chemistry almonds 
4.4.4.1. Effect of storage on the flavor chemistry raw almonds 
Formation of aroma in raw almonds occurs after the immediately after harvest and during 
storage mainly by the enzymatic and/or chemical degradation/oxidation of lipids.  Similar to 
what was shown in chapter 3 for fresh raw almonds, lipid degradation products such as 
aldehydes, ketones and acids were the main contributors of the aroma of stored raw almonds.   
In addition to those aroma compounds already detected in fresh almonds in Chapter 3, 
another 12 aroma compounds were detected in stored raw almonds. These consisted mainly of 
aldehydes formed by lipid degradation. Aldehydes, such as hexanal (no. 6; green/cut grass), (E)-
2-octenal (no. 18; fatty/nutty), (E,E)-2,4-nonadienal (no. 43; fatty/fried) can be formed by 
autoxidation of oleic and/or linoleic acid (Whitfield and Mottram 1992). Similarly, (E)-2-
nonenal (no. 29; hay-like/floral) (Galliard and Phillips 1976) and (E)-4,5-epoxy-(E)-2-decenal 
(no. 57; metallic/plastic) (Gardner and Selke 1984) may be formed by degradation of linoleic 
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acid. Furthermore, (E,Z)-2,6-nonadienal (no. 35; cucumber) (Whitfield and Mottram 1992) and 
(E,E,Z)-2,4,6-nonatrienal (no. 49; fatty/oatmeal) (Schuh and Schieberle 2005) have been 
reported as products of the degradation of linolenic acid.  Additional secondary oxidation 
products such as 3-methylbutyric acid (no. 40; cheese/sweaty), an oxidation product of 3-
methylbutanal (Hofmann, Münch & Schieberle 2000) and hexanoic acid (no. 48; sweaty), an 
oxidation product of hexanal (Palamand and Dieckmann 1974) were also found in stored raw 
almonds. 
In addition to the lipid derived volatile compounds, degradation products originating 
from different precursors were also found in stored raw almonds. These include sotolon (no. 62; 
spicy/curry), which may be formed by thermally induced deamination of 4-hydroxy-L-isoleucine 
(Blank and others 1996b), and β-ionone (no. 53; floral/pumpkin) which can be formed by 
thermal degradation of beta-carotene (Kanasawud and Crouzet 1990). Buttery and Ling (1993) 
found that 2-phenylethanol (no. 51; honey/rosy) was derived from phenylalanine in tomatoes.  
Storing the almonds at room temperature is a common industry practice; however, in warm 
climates high/fluctuating storage temperatures may occur.  As was shown in Figure 4.2, lipid 
oxidation in raw almonds at room temperature continuously increased. However, both the FD-
factors and concentrations of the aroma compounds showed fluctuating patterns. This might be 
caused by a constant formation of primary oxidation products followed by further oxidation or 
degradation of these products to form secondary products (e.g., formation of acids from 
aldehydes). Furthermore, volatile compounds can be lost during storage by evaporation). On the 
other hand, significant increase of aldehydes and ketones during the initial stages of high 
temperature storage showed that storage at high temperature can cause accelerated lipid 
oxidation and, thus, can cause a faster deterioration of almond flavor quality. At refrigerated 
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temperature (i.e., 4°C), no significant lipid oxidation occurred based on 2-pentylfuran levels. 
Thus, to protect the quality of raw almonds, low temperature is recommended for long-term 
storage.  
 
4.4.4.2. Effect of storage on flavor chemistry SRTR almonds 
As was mentioned earlier in Chapter 3, the aroma compounds in roasted almonds can be 
formed by Maillard reactions and by degradation of lipids and sugars. In the present study, it was 
found that roasting of almonds after storage resulted in formation of additional compounds over 
what was observed for the roasting of fresh raw almonds. There were additional 15 aroma 
compounds (5 aldehydes, 1 ketone, 3 nitrogen-containing compounds 3 acids, 1 furanone and 2 
miscellaneous compounds) identified in SRTR almonds during storage. The formation of most 
aldehydes can be attributed to lipid degradation. For example, nonanal (no. 16; pungent/green) 
and (E)-2-undecenal (no. 44; cilantro) are formed by autoxidation of oleic acid, (E)-2-octenal 
(no. 18; fatty/nutty) is formed by autoxidation of linoleic acid (Whitfield and Mottram 1992). 
(E,E,Z)-2,4,6-nonatrienal (no. 49; fatty/oatmeal) can be formed by oxidation and enzymatic 
degradation of linolenic acid (Schuh and Schieberle 2005). Furthermore, hexanoic acid (no. 48; 
sweaty) is a secondary product of lipid oxidation, which is formed by oxidation of hexanal 
(Palamand and Dieckmann 1974). Additionally, Maillard reaction related compounds 
contributed the aroma of SRTR almonds. Diacetyl (no. 4; buttery) may form by the interaction of 
sugar degradation products with amino acids (Yaylayan and Keyhani 1999). 2-Ethyl-5-
methylpyrazine (no. 16; sweet/nutty) and 2-ethyl-3,6-dimethylpyrazine (no. 24; roasted 
nut/green) can be formed by the reaction of glucose and methionine in Maillard model system 
(Yu and Ho 1995). Phenylacetic acid (no. 66; floral/honey) is a known Strecker degradation 
 111 
 
product of phenylalanine (Hofmann et al 2000) and cyclotene (no. 47; spicy/curry) can be 
formed by thermal degradation of glucose (Yu and Ho 1995) during the Maillard reaction.  
In addition to the above mentioned compounds, there were other compounds formed by 
other pathways. Skatole (no. 65; medicine/fecal) can be formed by degradation of tryptophan via 
indole-3-acetic acid which is then degraded to skatole (Christoph, Gessner, Simat & Hoenicke 
1999). Acetic acid (no. 23; vinegar) can be formed by degradation of hexoses by thermal 
processes (Hodge 1953). Vanillin (no. 67; vanilla) can be biosynthesized by enzymatic reactions 
in plants from ferulic acid (Walton 2003) or by thermal degradation of ferulic acid (Fiddler, 
Parker, Wasserman & Doerr 1967). Newly identified compounds previously found in raw 
almonds were also detected in SRTR almonds, such as 2-phenylethanol (no. 51; honey/rosy) and 
β-ionone (no. 53; floral/pumpkin) which are derived from phenylalanine (Buttery and Ling 1993) 
and formed by thermal degradation of β-carotene (Kanasawud and Crouzet 1990), respectively.  
Overall, the main contributors of the aroma of SRTR almonds were aldehydes, nitrogen-
containing compounds (pyrazines, pyrrolines and tetrahydropyridines) and sulfur-containing 
compounds. Additionally, ketones, acids and furanones contributed to the overall aroma of 
SRTR almonds. Similar to what was observed for raw almonds, fluctuations in the FD-factors 
and concentrations for aroma compounds were observed in SRTR (Tables 4.4 and 4.7), even 
though lipid oxidation as indicated by 2PF levels showed a constant increase throughout storage 
(Figure 4.2).  Fluctuations in aldehydes and ketones in raw almonds might affect the formation 
of aroma compounds during roasting since the lipid degradation products (carbonyls) can take 
part in the Maillard reaction (Whitfield and Mottram 1992). Furthermore, the roasting process 
promotes lipid degradation. Therefore, in SRTR almonds lipid degradation products can be both 
formed and then quickly consumed during roasting. Although there were fluctuations in 
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individual aroma compounds, total concentrations and OAVs indicated that storing and then 
roasting almonds resulted in an overall increase in the aroma compounds in roasted almonds. 
This was especially true for nitrogen-compounds which contribute to the roasted aroma of 
almonds.  In previous reports, it was indicated that pyrazines and other volatiles decreased in 
roasted then stored almonds and their loss lead to flavor fade (Yang et al 2014, Lee et al 2014). 
Thus, storage of raw almonds and then roasting them when in needed might help to minimize the 
flavor fade problem in stored roasted almonds. However; it should be noted that roasting of aged 
raw almonds might cause the formation of both desirable and undesirable aroma compounds. 
 
4.5. Conclusions  
 This is the first study to evaluate the effects of long-term storage on the predominant 
aroma compounds in raw almonds. Furthermore, the effects of the oxidative state of raw almonds 
on the aroma of roasted almonds were also evaluated for the first time. Additionally, to our 
knowledge, 2-pentylfuran has not been used as lipid oxidation parameters for tree nuts before 
this study. It was observed that predominant aroma compounds in raw almonds were formed 
mainly by lipid oxidation and these showed a fluctuating pattern throughout storage. In SRTR 
samples, Maillard reaction products and lipid oxidation compounds were predominant group of 
aroma-active compounds. When almonds were stored prior to roasting, aroma compounds which 
are responsible for roasted flavor increased. An overall increase in total aroma compound 
abundance was observed for both SR and SRTR almonds. Therefore, it is suggested that storing 
almonds in raw form and roasting them on demand might be an effective way to minimize the 
flavor fade that occurs in roasted-then-stored almonds. However, further studies are needed to 
understand the mechanisms responsible for the thermal generation of aroma compounds in SRTR 
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almonds. Furthermore, a comprehensive sensory study is suggested to investigate the formation 
of both desirable and undesirable aroma components as well as the consumer acceptance of 
SRTR almonds. 
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4.6. Tables and figures 
Table 4.1. Experimental design and sampling times for storage of almonds
a
.  
 
Months 
Storage temperature 0 3 6 9 12 15 18 
Room Temperature (~24°C) X
a 
X X X X X X 
37°C X X X X - - - 
4°C X - - - X - - 
a 
Two batches of samples were taken in each sampling. One batch was analyzed directly as raw, another batch was 
analyzed after roasting. Samples were analyzed in replicates.  
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Table 4.2. Predominant aroma-active compounds identified in stored raw and stored-raw-then-
roasted (SRTR) almonds by gas chromatography-olfactometry. 
No Compound Odor F
a 
Wax 
RI 
DB5 
RI 
Identification 
Method
b 
1 2-Methylpropanal Malty, dark 
chocolate 
N 809 <700 RI, odor 
2 2-Methylbutanal Malty, dark 
chocolate 
N 907 <700 RI, MS, odor 
3 3-Methylbutanal Malty, dark 
chocolate 
N 916 <700 RI, MS, odor 
4 Diacetyl (2,3-butanedione) Buttery  A/N 1001 <700 RI, odor 
5 2,3-Pentanedione Buttery  N 1076 701 RI, MS, odor 
6 Hexanal Green, cut grass N 1091 801 RI, MS, odor 
7 Methyl propyl disulfide  Garlic N/B 1243  RI, odor 
8 (Z)-4-Heptenal Fishy, stale N 1259 903 RI, odor 
9 Unknown Acidic, leek-
like 
N 1280  Odor 
10 Octanal Pungent, orange N 1298 1001 RI, MS, odor 
11 1-Octen-3-one Mushroom  N 1312 980 RI, MS, odor 
12 2-Acetyl-1-pyrroline Roasty, popcorn  B 1350 924 RI, MS, odor 
13  (Z)-1,5-Octadien-3-one Geranium, 
earthy 
N 1388 984 RI, odor 
14 Dimethyltrisulfide  Sulfurous, 
cabbage  
N 1390 969 RI, MS, odor 
15 Nonanal Pungent, green  N 1395 1099 RI, MS, odor 
16 2-Ethyl-5-methylpyrazine Sweet, nutty  B 1400 1000 RI, MS, odor 
17 2,3,5-Trimethylpyrazine Roasty, earthy, 
nutty 
B 1405 1005 RI, MS, odor 
18 (E)-2-octenal Fatty, nutty N 1422 1062 RI, odor 
19 Unknown  Fresh, minty N 1431  Odor  
20 2-Propionyl-1-pyrroline Roasty, popcorn B 1440 1024 RI, MS, odor 
21 2-Furfurylthiol (Furan-2-
ylmethanethiol) 
Coffee  A/N 1451 918 RI, odor 
22 Unknown Onion N/B 1458  Odor 
23 Acetic acid Vinegar A 1460  RI, MS, odor 
24 2-Ethyl-3,6-dimethylpyrazine Roasted nut, 
green 
B 1464 1078 RI, MS, odor 
25 Methional (3-
methylsulfanylpropanal) 
Baked potato  N 1474 909 RI, MS, odor 
26 2-Ethyl-3,5-dimethylpyrazine Baked potato, 
earthy 
B 1475 1082 RI, MS, odor 
27 Unknown  Sweaty  A 1493  Odor 
28 2,3-Diethyl-5-methylpyrazine Baked potato, 
earthy 
B 1509 1160 RI, MS, odor 
29 (E)-2-Nonenal Hay-like, floral  N 1529 1159 RI, MS, odor 
30 Unknown  Rancid nut N 1537  Odor 
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Table 4.2 (cont.)      
       
No Compound Odor F
a 
Wax 
RI 
DB5 
RI 
Identification 
Method
b 
31 2-Acetyl-3,4,5,6-tetrahydropyridine Roasty, popcorn B ~1560 1053 RI, MS, odor 
32 2-Acetyl-1,4,5,6-tetrahydropyridine Roasty, popcorn B ~1560 1117 RI, MS, odor 
33 Unknown  Rancid nut  N 1562  Odor 
34 Unknown  Popcorn B 1577  Odor 
35 (E,Z)-2,6-Nonadienal Cucumber N 1603 1158 RI, odor 
36 Unknown  Floral N 1607  Odor 
37 Unknown Roasted  N 1611  Odor 
38 (E)-2-Decenal Pungent, green N 1646  RI, MS, odor 
39 Phenylacetaldehyde  Floral, honey  N 1663 1047 RI, MS, odor 
40 3-Methylbutyric acid Cheese, sweaty  A 1681 885 RI, MS, odor 
41 Unknown  Rancid, fatty N 1681  Odor 
42 Unknown  Fatty, spicy  N 1689  Odor 
43 (E,E)-2,4-Nonadienal Fatty, fried N 1690 1234 RI, MS, odor 
44 (E)-2-Undecenal Cilantro N 1742 1370 RI, MS, odor 
45 Unknown Roasted nut, 
fatty 
B 1819  Odor 
46 (E,E)-2,4-Decadienal Fatty, fried N 1831 1325 RI, MS, odor 
47 Cyclotene (3-Methylcyclopentane-
1,2-dione) 
Spicy, curry A 1852 1032 RI, MS, odor 
48 Hexanoic acid Sweaty  A 1845 1004 RI, odor 
49 (E,E,Z)-2,4,6-nonatrienal Fatty, oatmeal N 1863 1266 RI, odor 
50 Unknown  Coffee A 1884  Odor 
51 2-Phenylethanol Honey, rosy N 1920 1105 RI, MS, odor 
52 Unknown  Coconut  N 1932  Odor 
53 β-Ionone (4-(2,6,6-
trimethylcyclohexen-1-yl)but-3-en-
2-one) 
Floral, pumpkin N 1944 1499 RI, odor 
54 Unknown  Plastic, fatty N 1988  Odor 
55 Unknown Sweet, candy A 1990  Odor 
56 Unknown  Plastic N 1994  Odor 
57 (E)-4,5-Epoxy-(E)-2-decenal Metallic, plastic N 2033 1385 RI, odor 
58 Unknown  Floral  N 2042  Odor 
59 Furaneol (4-Hydroxy-2,5-
dimethylfuran-3-one) 
Strawberry, 
caramel 
A 2056 1063 RI, MS, odor 
60 Unknown  Peach  N 2060  Odor 
61 Unknown  Mothballs  N 2090  Odor 
62 Sotolon (3-Hydroxy-4,5-
dimethylfuran-2(5H)-one) 
Spicy, curry A 2226 1124 RI, odor 
63 Unknown  Mothballs N 2298  Odor 
64 Unknown  New plastic N 2378  Odor 
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Table 4.2 (cont.)      
       
No Compound Odor F
a 
Wax 
RI 
DB5 
RI 
Identification 
Method
b 
65 Skatole (3-Methyl-1H-indole) Medicine, fecal A/N 2485 1377 RI, odor 
66 Phenylacetic acid Floral, honey A/N 2570 1310 RI, odor 
67 Vanillin (4-Hydroxy-3-
methoxybenzaldehyde) 
Vanilla  A 2585 1421 RI, MS, odor 
a
F: Primary fraction in which aroma-active compound was detected; A: Acid, B: Base and N: Neutral fractions 
b
Identification Methods: Retention Index (RI), Odor Quality (Odor) and Mass Spectra (MS) 
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Table 4.3. Flavor dilution (FD) factors of predominant aroma-active compounds of stored raw almonds based on chemical groups. 
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
 Aldehydes               
6 Hexanal <3  3 3 27 3 <3 3  9 <3 9  3 
8 (Z)-4-Heptenal 3  9 <3 3 3 <3 3  3 <3 nd
b 
 9 
10 Octanal 3  3 27 27 nd <3 3  3 3 9  3 
15 Nonanal 3  nd nd 3 <3 <3 <3  9 9 3  nd 
18 (E)-2-Octenal <3  <3 <3 27 <3 nd 3  9 <3 9  <3 
29 (E)-2-Nonenal <3  9 3 27 3 9 9  9 3 27  9 
35 (E,Z)-2,6-Nonadienal <3  nd nd 9 3 <3 3  nd nd 9  27 
43 (E,E)-2,4-Nonadienal <3  9 3 27 27 27 9  27 9 9  9 
44 (E)-2-Undecenal 3  3 3 9 3 9 nd  <3 9 3  27 
46 (E,E)-2,4-Decadienal 3  27 9 81 27 81 81  9 81 9  27 
49 (E,E,Z)-2,4,6-nonatrienal <3  nd 3 243 9 27 9  3 nd 9  3 
57 (E)-4,5-Epoxy-(E)-2-
decenal 
nd  <3 3 9 9 27 27  nd 9 9  27 
67 Vanillin 3  nd <3 3 3 3 9  nd 3 3  9 
 Ketones               
11 1-Octen-3-one 27  27 3 81 81 81 243  243 243 81  27 
13  (Z)-1,5-Octadien-3-one 3  9 3 9 9 <3 9  <3 3 9  27 
 Nitrogen-containing 
compounds 
              
12 2-Acetyl-1-pyrroline 3  nd <3 <3 <3 27 9  <3 3 <3  27 
65 Skatole 3  nd nd 81 81 81 9  nd 3 27  243 
 Sulfur-containing 
compounds 
              
25 Methional 3  3 nd 9 <3 9 9  3 3 <3  3 
 Acids               
23 Acetic acid 3  9 <3 3 <3 nd <3  9 9 9  3 
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Table 4.3 (cont.)               
                
  Months
a
 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
48 Hexanoic acid nd  nd nd 3 <3 3 9  3 3 nd  nd 
 Furanones               
59 Furaneol 3  nd nd 9 <3 9 9  3 27 27  9 
62 Sotolon nd  nd <3 3 3 3 3  <3 3 9  3 
 Other                
51 2-Phenylethanol <3  <3 3 27 9 9 9  <3 27 81  27 
53 β-Ionone <3  <3 nd 3 9 9 9  <3 3 9  9 
 Unknown compounds               
19 Unknown (fresh, minty) nd  <3 <3 <3 3 <3 9  3 9 27  3 
30 Unknown (rancid nut) <3  9 3 81 27 27 27  81 9 27  27 
41 Unknown (rancid, fatty) 3  9 81 81 27 81 27  27 27 81  9 
56 Unknown (plastic) 3  <3 nd 27 27 nd nd  9 <3 27  27 
58 Unknown (floral) nd  nd nd nd 3 <3 <3  <3 9 27  3 
60 Unknown (peach) nd  nd nd 81 9 27 9  <3 9 27  <3 
63 Unknown (mothballs) nd  nd nd 27 9 81 9  nd nd 9  27 
64 Unknown (new plastic) nd  nd nd 243 27 9 3  nd nd 9  27 
a
Storage temperatures RT: Room temperature, H:High temperature (37°C) and C: Cold storage (4°) 
b
nd: compounds were not detected by GCO.
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Table 4.4. Flavor dilution (FD) factors of predominant aroma-active compounds of stored-raw-then-roasted (SRTR) almonds based on 
chemical groups. 
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
 Aldehydes               
1 2-Methylpropanal 9  27 3 729 81 27 27  3 27 81  9 
2 2-Methylbutanal 81  243 729 2187 2187 81 27  243 729 2187  243 
3 3-Methylbutanal 243  9 81 3 19683 243 729  243 729 243  6561 
6 Hexanal 27  27 81 729 2187 27 81  27 81 243  81 
8 (Z)-4-Heptenal 27  <3 27 27 81 9 9  3 27 27  9 
10 Octanal 9  27 9 81 81 9 27  <3 27 81  9 
15 Nonanal 3  <3 9 <3 3 3 9  <3 nd
b
 9  <3 
18 (E)-2-Octenal 3  3 9 3 <3 9 9  9 <3 9  nd 
29 (E)-2-Nonenal 9  27 81 243 81 27 243  9 27 243  81 
35 (E,Z)-2,6-Nonadienal 9  <3 9 3 81 9 27  <3 nd nd  9 
38 (E)-2-Decenal 9  3 27 3 81 9 3  3 <3 27  9 
39 Phenylacetaldehyde  81  81 729 729 2187 243 243  81 243 243  729 
43 (E,E)-2,4-Nonadienal 27  9 243 243 81 27 81  27 81 81  729 
44 (E)-2-Undecenal 3  <3 9 3 3 9 27  <3 3 27  9 
46 (E,E)-2,4-Decadienal 27  243 243 243 729 243 729  9 243 81  729 
49 (E,E,Z)-2,4,6-
nonatrienal 
3  9 9 81 3 27 27  <3 27 9  27 
57 (E)-4,5-Epoxy-(E)-2-
decenal 
27  3 243 27 81 27 243  3 27 9  27 
67 Vanillin <3  nd
 
<3 9 9 9 9  nd 27 9  81 
 Ketones               
4 Diacetyl 3  27 3 81 81 9 9  9 9 81  27 
5 2,3-Pentanedione 27  27 27 81 81 27 81  3 27 243  243 
11 1-Octen-3-one 81  9 729 243 81 81 81  81 729 243  243 
 Nitrogen-containing               
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Table 4.4 (cont.)               
                
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
12 2-Acetyl-1-pyrroline 243  2187 243 243 2187 2187 729  2187 729 729  243 
16 2-Ethyl-5-
methylpyrazine 
nd  <3 <3 3 27 3 <3  <3 <3 3  27 
17 Trimethylpyrazine 9  9 9 81 243 81 27  9 9 81  81 
20 2-Propionyl-1-pyrroline 81  2187 81 27 81 243 243  81 243 243  81 
24 2-ethyl-3,6-
dimethylpyrazine 
nd  9 27 81 2187  3 nd  <3 9 243  nd 
26 2-ethyl-3,5-
dimethylpyrazine 
243  243 81 729 2187 729 243  81 729 2187  81 
28 2,3-Diethyl-5-
methylpyrazine 
9  243 81 729 2187 243 243  81 81 729  27 
31/32 2-acetyl-1,4,5,6 (& -
3,4,5,6) 
tetrahydropyridine  
9  243 81 729 2187 729 2187  729 243 2187  2187 
65 Skatole nd  nd 9 27 81 81 81  nd 27 27  81 
 Sulfur-containing               
7 Methyl propyl disulfide  81  27 27 3 243 27 3  27 9 9  3 
14 Dimethyltrisulfide  27  81 81 243 729 81 27  81 27 243  81 
21 2-Furfurylthiol 9  27 9 81 3 9 81  81 <3 27  243 
25 Methional 2187  6561 6561 6561 19683 19683 19683  729 6561 19683  19683 
 Acids               
23 Acetic acid 3  9 9 9 9 81 9  9 27 27  9 
40 3-Methylbutyric acid 9  27 9 81 243 27 27  9 243 81  81 
48 Hexanoic acid nd  nd nd 3 9 3 9  nd 3 3  <3 
66 Phenylacetic acid <3  nd 9 3 9 nd <3  nd nd 9  27 
 Furanones               
47 Cyclotene <3  9 9 9 81 3 <3  3 3 27  27 
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Table 4.4 (cont.)               
                
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
59 Furaneol 81  2187 243 6561 19683 6561 19683  243 2187 19683  19683 
62 Sotolon 9  <3 9 27 81 3 <3  <3 9 27  27 
 Other               
51 2-Phenylethanol nd  3 9 3 81 27 27  nd 27 27  27 
53 β-Ionone <3  <3 <3 3 3 3 9  <3 <3 9  27 
 Unknowns                
9 Unknown (acidic, leek-
like) 
<3  <3 nd <3 9 9 9  3 <3 3  9 
22 Unknown (onion) 9  3 27 3 9 9 3  9 nd nd  3 
27 Unknown (sweaty) nd  3 <3 <3 9 3 <3  9 <3 <3  <3 
30 Unknown (rancid nut) 27  81 243 729 2187 729 243  81 243 729  243 
33 Unknown (rancid nut) nd  nd <3 27 3 3 9  nd 3 9  9 
34 Unknown (popcorn) nd  9 nd <3 9 729 nd  2187 27 <3  nd 
36 Unknown (floral) nd  9 9 3 <3 nd nd  <3 3 9  3 
37 Unknown (roasted) 3  <3 <3 3 3 <3 <3  nd 9 27  3 
41 Unknown (rancid, 
fatty) 
9  243 81 243 2187 9 243  nd 9 9  729 
42 Unknown (fatty, spicy) 27  81 9 27 3 9 27  <3 243 81  <3 
45 Unknown (roast nut, 
fatty) 
3  3 nd 3 9 9 nd  3 nd 3  nd 
50 Unknown (coffee) nd  9 3 3 9 9 27  3 9 27  9 
52 Unknown (coconut) nd  3 nd 3 nd 9 9  <3 nd nd  3 
54 Unknown (plastic, 
fatty) 
27  9 81 81 81 3 3  3 81 27  81 
55 Unknown (sweet, 
candy) 
nd  <3 3 <3 9 3 <3  nd 3 <3  81 
60 Unknown (peach) nd  nd <3 3 81 9 27  nd <3 9  9 
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Table 4.4 (cont.)               
                
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
61 Unknown (mothballs) nd  nd 9 3 3 3 3  nd 9 9  3 
63 Unknown (mothballs) nd  nd 9 3 3 27 9  nd 9 9  27 
a
Storage temperatures RT: Room temperature, H:High temperature (37°C) and C: Cold storage (4°) 
b
nd: compounds were not detected by GCO
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Table 4.5. GC-MS calibration table for positively identified aroma-active compounds in stored 
raw and stored-raw-then-roasted (SRTR) almonds. 
No Compound Internal 
Standard 
Target 
MS ion
a 
IS MS 
ion
b 
Response 
factor
 
R-
squared
c 
IEF
d 
2/3 2 & 3-Methylbutanal 2-Methyl-3-
heptanone 
57 128 0.535 0.999 N/A 
5 2,3-Pentanedione 2-Methyl-3-
heptanone 
100 128 0.975 0.992 N/A 
6 Hexanal 2-Methyl-3-
heptanone 
44 128 0.598 0.993 0.14 
10 Octanal 2-Methyl-3-
heptanone 
84 128 1.45 0.971 0.85 
11 1-Octen-3-one 2-Methyl-3-
heptanone 
55 128 0.301 0.987 1.02 
12 2-Acetyl-1-pyrroline Collidine 111 121 3.24 0.985 0.32 
14 Dimethyltrisulfide 2-Methyl-3-
heptanone 
126 128 0.279 0.997 1.03 
15 Nonanal 2-Methyl-3-
heptanone 
98 128 1.61 0.994 0.17 
16 2-Ethyl-5-methylpyrazine Collidine 121 121 0.872 0.988 2.53 
17 2,3,5-Trimethylpyrazine Collidine 122 121 1.20 0.984 1.48 
20 2-Propionyl-1-pyrroline Collidine 97 121 0.896 0.985 1.70 
 
23 Acetic acid 2-Ethylbutyric 
acid 
43 88 1.36 0.999 2.22 
24 2-Ethyl-3,6-
dimethylpyrazine 
Collidine 135 121 1.30 0.970 2.36 
25 Methional 2-Methyl-3-
heptanone 
104 128 1.46 0.994 0.01 
26 2-Ethyl-3,5-
dimethylpyrazine 
Collidine 135 121 0.838 0.986 2.37 
28 2,3-Diethyl-5-
methylpyrazine 
Collidine 135 121 1.63 0.983 1.27 
29 (E)-2-Nonenal 2-Methyl-3-
heptanone 
83 128 1.19 0.978 0.64 
31/3
2 
2-Acetyl-3,4,5,6-(or 
1,4,5,6) 
tetrahydropyridine 
Collidine 125 121 1.52 0.982 0.32
e 
38 (E)-2-Decenal 2-Methyl-3-
heptanone 
70 128 0.951 0.981 0.41 
39 Phenylacetaldehyde 2-Methyl-3-
heptanone 
91 128 0.197 0.988 0.20 
40 3-Methylbutyric acid 2-Ethylbutyric 
acid 
60 88 0.851 0.999 1.64 
43 (E,E)-2,4-Nonadienal 2-Methyl-3-
heptanone 
81 128 0.321 0.986 0.33 
44 (E)-2-Undecenal 2-Methyl-3-
heptanone 
70 128 1.56 0.989 0.21 
        
 125 
 
Table 4.5 (cont.)       
        
No Compound Internal 
Standard 
Target 
MS ion
a 
IS MS 
ion
b 
Response 
factor
 
R-
squared
c 
IEF
d
 
46 (E,E)-2,4-Decadienal 2-Methyl-3-
heptanone 
81 128 0.385 0.975 0.17 
47 Cyclotene 2-Ethylbutyric 
acid 
112 88 2.00 0.999 0.16 
51 2-Phenylethanol 2-Methyl-3-
heptanone 
91 128 0.242 0.989 0.45 
59 Furaneol 2-Ethylbutyric 
acid 
128 88 3.88 0.988 0.02 
67 Vanillin 2-Ethylbutyric 
acid 
152 88 2.40 0.999 0.03 
a  
Selected EI-MS ion for target compound used for response factor and quantitation. 
b
 Selected EI-MS ion of internal standard.  
c
 R-squared values for linear regression of calibration curves. 
d
 IEF: Isolation efficiency factor 
e
 Isolation efficiency factor of 2-acetyl-1-pyrroline was used. 
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Table 4.6. Concentrations (ng/g) of positively identified aroma-active compounds in stored raw almonds (Average concentration ± 
standard deviation (n=2)). 
  Room temperature  37°C  4°C 
No Compound 0 3
 
6 9 12 15 18  0 3
 
6 9  0 12
 
 Aldehyde                
6 Hexanal 158
ab
 
±28 
392
c
 
±92 
216
a
 
±18 
196
a
 
±11 
151
ab
 
±33 
95
b
 
±4.6 
88
b
 
±1.8 
 158
a
 
±28 
561
b
 
±11 
134
a
 
±40 
99
a
 
±9.7 
 158
a
 
±28 
145
a
 
±28 
10 Octanal 1.4
a
 
±2.0 
6.1
ab
 
±3.0 
6.9
b 
±0.03 
6.0
ab
 
±4.9 
4.2
ab
 
±0.79 
3.7
ab
 
±0.70 
3.4
ab
 
±0.88 
 1.4
a
 
±2.0 
13
b
 
±3.7 
5.7
ab
 
±0.73 
3.9
ab
 
±5.5 
 1.4
a
 
±2.0 
4.1
a
 
±2.3 
15 Nonanal 72
a
 
±5.9 
174
b
 
±59 
114
ab
 
±17 
53
a
 
±35 
67
a
 
±1.3 
76
a
 
±0.22 
110
a
 
±2.8 
 72
a
 
±5.9 
333
a
 
±282 
171
a
 
±125 
50
a
 
±33 
 72
a
 
±5.9 
80
a
 
±19 
43 (E,E)-2,4-
Nonadienal 
tr
1 
1.1
a
 
±1.5 
2.3
ab
 
±0.68 
1.5
ab
 
±2.1 
4.0
b
 
±1.4 
2.3
ab
 
±0.29 
tr  tr 3.3
a
 
±4.6 
3.5
a 
±2.4 
0.61
a
 
±0.87 
 tr 0.31 
±0.44 
46 (E,E)-2,4-
Decadienal 
2.3
a
 
±3.2 
10
a
 
±7.9 
11
a
 
±2.8 
15
abc
 
±14 
30
bc
 
±3.4 
38
c
 
±18 
25
abc
 
±9.3 
 2.3
a
 
±3.2 
30
a
 
±28 
35
a
 
±25 
13
a
 
±11 
 2.3
a
 
±3.2 
25
b
 
±2.6 
67 Vanillin 830
a
 
±980 
tr 17
a
 
±23 
10
a
 
±15 
14
a
 
±20 
58
a
 
±11 
38
a
 
±53 
 830
a
 
±980 
tr 34
a
 
±12 
43
a
 
±61 
 830 
±980 
tr 
 Ketones                
11 1-Octen-3-
one 
0.23
a
 
±0.32 
0.44
a
 
±0.63 
0.44
a
 
±0.62 
1.1
ab
 
±0.05 
1.5
b
 
±0.11 
1.4
b
 
±0.04 
1.5
b
 
±0.52 
 0.23
a
 
±0.32 
3.4
b
 
±0.33 
1.9
c
 
±0.11 
1.0
d
 
±0.04 
 0.23 
±0.32 
tr 
 Acid                
23 Acetic acid 137
a
 
±175 
7.8
a
 
±7.0 
205
a
 
±9.6 
107
a
 
±108 
87
a
 
±105 
38
a
 
±40 
147
a
 
±164 
 137
a
 
±175 
3.7
a
 
±2.7 
362
a
 
±20 
502
a
 
±694 
 137
a
 
±175 
22
a
 
±17 
40 3-
Methylbutyric 
acid 
2.1
a
 
±0.57 
2.8
a
 
±0.12 
2.8
a
 
±0.18 
1.9
a
 
±1.4 
1.9
a
 
±0.15 
2.1
a
 
±0.17 
2.3
a
 
±0.36 
 2.1
a
 
±0.57 
4.0
a
 
±0.16 
5.1
a
 
±0.58 
8.8
a
 
±11 
 2.1 
±0.57 
0.95 
±0.27 
 Other                
51 2-
Phenylethanol 
2.1
abc
 
±0.95 
4.6
abc
 
±4.0 
0.12
a
 
±0.17 
1.5
ab
 
±2.1 
6.1
bcd
 
±3.3 
9.1
cd
 
±2.0 
11
d
 
±1.9 
 2.1
a
 
±0.95 
13
a
 
±4.0 
21
a
 
±24 
2.7
a
 
±3.8 
 2.1
a
 
±0.95 
3.5
a
 
±4.9 
1 
Compound present at trace level (below GC-MS detection limit). 
a-c
Means with different superscripts in the same row within the same treatment are significantly different (p>0.05). 
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Table 4.7. Concentrations (ng/g) of positively identified aroma-active compounds of stored-raw-then-roasted (SRTR) almonds 
(Average concentration ± standard deviation (n=2)). 
  Room temperature  37°C  4°C 
No Compound 0 3
 
6 9 12 15 18  0 3
 
6 9  0 12
 
 Aldehydes                
2 2 & 3-
Methylbutanal 
530
a
 
±63 
1417
a
 
±184 
1004
a
 
±966 
670
a
 
±281 
1039
a
 
±481 
922
a
 
±372 
1507
a
 
±142 
 530
a
 
±63 
1385
a
 
±872 
644
a
 
±383 
893
a
 
±480 
 530
a
 
±63 
1465
a
 
±661 
6 Hexanal 1650
a
 
±100 
3526
b
 
±771 
2060
a
 
±446 
2605
ab
 
±368 
3368
b
 
±122 
2990
ab
 
±262 
3455
b
 
±1208 
 1650
a
 
±100 
5305
b
 
±14 
2424
a
 
±564 
2192
a
 
±226 
 1650
a
 
±100 
1219
a
 
±137 
10 Octanal 21
a
 
±0.75 
36
a
 
±18 
19
a
 
±9.2 
22
a
 
±12 
31
a
 
±0.91 
26
a
 
±3.9 
27
a
 
±5.0 
 21
a
 
±0.75 
42
b
 
±10 
22
a
 
±6.2 
20
a
 
±7.1 
 21
a
 
±0.75 
17
a
 
±3.8 
15 Nonanal 297
a
 
±103 
740
a
 
±493 
512
a
 
±80 
311
a
 
±158 
400
a
 
±68 
644
a
 
±307 
745
a
 
±187 
 297
a
 
±103 
637
b
 
±37 
300
a
 
±211 
354
ab
 
±27 
 297
a
 
±103 
291
a
 
±96 
29 (E)-2-Nonenal 5.7
a
 
±1.3 
27
a
 
±22 
24
a
 
±11 
31
ab
 
±26 
39
ab 
±5.7 
47
ab
 
±22 
72
b
 
±25 
 5.7
a
 
±1.3 
34
ab
 
±13 
36
ab
 
±18 
53
b
 
±11 
 5.7
a
 
±1.3 
11
a
 
±3.0 
38 (E)-2-Decenal 8.7
a
 
±12 
22
a
 
±18 
12
a
 
±8.7 
12
a
 
±8.1 
16
a
 
±1.2 
18
a
 
±9.1 
20
a
 
±2.1 
 8.7
a
 
±12 
21
a
 
±8.2 
9.5
a
 
±8.0 
10
a
 
±2.6 
 8.7
a
 
±12 
12
a
 
±2.0 
39 Phenyl-
acetaldehyde 
571
a
 
±105 
1785
ab
 
±1323 
1466
ab
 
±2054 
1888
ab
 
±1011 
1607
ab
 
±342 
1952
ab
 
±796 
3729
b
 
±1330 
 571
a
 
±105 
1158
ab
 
±336 
1410
ab
 
±905 
2320
b
 
±156 
 571
a
 
±105 
3443
a
 
±1051 
43 (E,E)-2,4-
Nonadienal 
1.9
a
 
±2.75 
16
a
 
±15 
3.6
a
 
±3.2 
10
a
 
±6.3 
13
a
 
±0.45 
15
a
 
±4.6 
7.7
a
 
±3.3 
 1.9
a
 
±2.75 
15
b
 
±2.7 
6.7
ab
 
±6.2 
5.0
ab
 
±0.89 
 1.9
a
 
±2.75 
4.2
a
 
±0.28 
44 (E)-2-
Undecenal 
28
a
 
±40 
41
a
 
±31 
24
a
 
±20 
22
a
 
±13 
28
a
 
±2.2 
41
a
 
±5.7 
47
a
 
±13 
 28
a
 
±40 
39
a
 
±17 
13
a
 
±19 
17
a
 
±2.3 
 28
a
 
±40 
20
a
 
±3.2 
46 (E,E)-2,4-
Decadienal 
22
a
 
±7.7 
154
a
 
±159 
83
a
 
±60 
77
a
 
±59 
104
a
 
±11 
145
a
 
±44 
125
a
 
±11 
 22
a
 
±7.7 
78
a
 
±28 
63
a
 
±60 
69
a 
 
±21 
 22
a
 
±7.7 
76
b
 
±6.6 
67 Vanillin 464
a
 
±657 
tr
1 
97
a
 
±6.8 
101
a
 
±34 
146
a
 
±64 
97
a
 
±15 
121
a
 
±23 
 464
a
 
±657 
tr 131
a
 
±96 
111
a
 
±43 
 464
a
 
±657 
230
a
 
±193 
 Ketones                
5 2,3-
pentanedione 
17
a
 
±7.2 
44
ab
 
±8.5 
43
ab
 
±21 
41
ab
 
±12 
55
ab
 
±25 
41
ab
 
±2.1 
75
b
 
±29 
 17
a
 
±7.2 
29
a
 
±28 
44
a
 
±31 
60
a 
 
±16 
 17
a
 
±7.2 
68
b
 
±3.9 
11 1-Octen-3-one 0.42
a
 
±0.60 
0.46
a
 
±0.65 
1.2
a
 
±0.18 
1.3
ab
 
±0.36 
1.1
ab
 
±0.21 
1.8
bc
 
±0.20 
2.3
c
 
±0.38 
 0.42
a
 
±0.60 
2.9
b
 
±0.24 
1.5
c
 
±0.18 
1.9
bc
 
±0.29 
 0.42
a
 
±0.60 
0.89
a
 
±0.10 
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Table 4.7 (cont.)               
                 
  Room temperature  37°C  4°C 
No Compound 0 3
 
6 9 12 15 18  0 3
 
6 9  0 12
 
 Nitrogen 
compounds 
               
12 2-Acetyl-1-
pyyroline 
12
ab
 
±12 
3.6
a
 
±3.7 
12
ab
 
±8.8 
24
ab
 
±14 
21
ab
 
±8.5 
23
ab
 
±13 
38
b
 
±16 
 12
a
 
±12 
5.2
a
 
±1.5 
15
a
 
±5.8 
19
a
 
±0.75 
 12
a
 
±12 
16
a
 
±4.8 
16 2-ethyl-5-
methylpyrazine 
13
a
 
±11 
14
a
 
±5.5 
31
a
 
±22 
57
ab
 
±32 
58
ab
 
±27 
63
ab
 
±24 
117
b
 
±51 
 13
a
 
±11 
14
a
 
±1.3 
42
b
 
±20 
57
b
 
±15 
 13
a
 
±11 
54
a 
 
±33 
17 Trimethyl-
pyrazine 
27
a
 
±22 
29
a
 
±11 
65
ab
 
±41 
125
ab
 
±83 
117
ab
 
±55 
119
ab
 
±71 
184
b
 
±32 
 27
a
 
±22 
29
a
 
±7.9 
73
ab
 
±18 
117
b
 
±38 
 27
a
 
±22 
102
a
 
±58 
20 2-propionyl-1-
pyrroline 
0.19
a
 
±0.28 
0.38
ab
 
±0.29 
1.2
abc
 
±0.80 
2.1
cd
 
±0.92 
1.8
abcd
 
±0.57 
2.0
bcd
 
±1.1 
3.2
d
 
±0.68 
 0.19
a
 
±0.28 
0.47
a
 
±0.15 
1.2
b
 
±0.13 
1.7
c
 
±0.02 
 0.19
a
 
±0.28 
1.6
a
 
±0.60 
24 2-ethyl-3,6-
dimethyl-
pyrazine 
17
a
 
±10 
37
a
 
±0.38 
47
a
 
±23 
105
ab
 
±86 
102
ab
 
±64 
104
ab
 
±59 
163
b
 
±7.0 
 17
a
 
±10 
34
ab
 
±1.9 
58
ab
 
±14 
91
b
 
±49 
 17
a
 
±10 
96
a 
 
±79 
26 2-ethyl-3,5-
dimethyl-
pyrazine 
0.85
a
 
±0.33 
2.0
ab
 
±0.11 
4.7
abc
 
±3.6 
7.1
abc
 
±2.9 
7.5
bc
 
±3.2 
7.1
abc
 
±4.1 
11
c
 
±1.9 
 0.85
a
 
±0.33 
1.9
a
 
±0.19 
3.9
b
 
±0.35 
7.9
c
 
±1.3 
 0.85
a
 
±0.33 
7.4
a
 
±4.7 
28 2,3-Diethyl-5-
methylpyrazine 
0.30
a
 
±0.42 
2.2
ab
 
±0.43 
4.5
abc
 
±3.3 
6.7
abc
 
±2.4 
6.8
abc
 
±2.6 
7.0
bc
 
±4.4 
9.7
c
 
±3.1 
 0.30
a
 
±0.42 
0.95
a
 
±0.96 
3.3
b
 
±0.19 
7.0
c  
±1.3 
 0.30
a
 
±0.42 
7.7
a
 
±5.3 
31/ 
32 
2-Acetyl-
3,4,5,6 (& 
3,4,5,6)-
tetrahydro-
pyridine 
99
a
 
±16 
79
a
 
±48 
322
ab
 
±157 
506
bc
 
±202 
338
ab
 
±60 
460
bc
 
±261 
698
c
 
±26 
 99
a
 
±16 
109
a
 
±33.21 
238
b
 
±15 
418
c
 
±46 
 99
a
 
±16 
389
a
 
±121 
 Sulfur 
compounds 
               
14 Dimethyltri-
sulfide 
0.31
a
 
±0.02 
0.57
a
 
±0.04 
2.4
bc
 
±1.7 
3.6
c
 
±0.10 
1.3
ab
 
±0.31 
1.3
ab
 
±0.54 
1.5
ab
 
±0.79 
 0.31
a
 
±0.02 
0.71
a
 
±0.05 
1.3
b
 
±0.01 
2.1
c
 
±0.32 
 0.31
a
 
±0.02 
2.9
b
 
±0.53 
25 Methional 636
a
 
±676 
1817
a
 
±1095 
4952
b
 
±431 
5013
b
 
±1058 
5151
b
 
±2110 
5773
bc
 
±802 
8502
c
 
±1989 
 636
a
 
±676 
910
a
 
±1287 
3629
ab
 
±316 
6980
b
 
±2562 
 636
a
 
±676 
9241
b
 
±1913 
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Table 4.7 (cont.)               
                 
  Room temperature  37°C  4°C 
No Compound 0 3
 
6 9 12 15 18  0 3
 
6 9  0 12
 
 Acid                
23 Acetic acid 341
a
 
±464 
21
a
 
±19 
455
a
 
±314 
221
a
 
±119 
59
a
 
±23 
203
a
 
±83 
451
a
 
±98 
 341
ab
 
±464 
29
a
 
±29 
751
b
 
±86 
690
ab
 
±182 
 341
a
 
±464 
57
a 
 
±21 
40 3-
Methylbutyric 
acid 
28
a 
±5.5 
35
a
 
±6.9 
46
a
 
±9.5 
29
a
 
±7.9 
37
a
 
±0.35 
37
a
 
±15 
35
a
 
±4.4 
 28
a
 
±5.5 
37
b
 
±2.7 
49
c
 
±0.48 
65
d
 
±0.32 
 28
a
 
±5.5 
40
a 
 
±13 
 Furanones                
47 Cyclotene 33
a
 
±46 
73
ab
 
±20 
318
c
 
±182 
224
abc
 
±136 
288
bc
 
±98 
212
abc
 
±25 
287
bc
 
±99 
 33
a
 
±46 
76
a
 
±19 
282
b
 
±43 
378
b
 
±100 
 33
a
 
±46 
367
a
 
±102 
59 Furaneol 1766
a
 
±2021 
2497
a
 
±1515 
14452
a
 
±95 
7369
a
 
±7826 
8688
a
 
±6853 
6807
a
 
±2587 
8461
a
 
±3498 
 1766
a
 
±2021 
1949
a
 
±552 
9362
a
 
±2400 
10206
a
 
±8983 
 1766
a
 
±2021 
12540
a
 
±4337 
 Other                
51 2-
Phenylethanol 
8.3
a
 
±1.1 
33
a
 
±28 
506
a
 
±692 
3.6
a
 
±5.0 
12
a
 
±17 
32
a
 
±6.6 
33
a
 
±1.6 
 8.3
a
 
±1.1 
15
a
 
±6.3 
16
a
 
±10 
13
a 
 
±19 
 8.3
a
 
±1.1 
13
a 
 
±12 
1
 Compound present at trace level (below GC-MS detection limit). 
a-c
Means with different superscripts in the same row within the same treatment are significantly different (p>0.05) 
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Table 4.8.  Total concentrations (ng/g) of aroma-active compounds of stored raw almonds based on chemical groups (Average 
concentrations ± standard deviation (n=2)). 
 Room Temperature  37°C  4°C 
Functional 
Group 
0 3 6 9 12 15 18  0 3 6 9  0 12 
Aldehydes 234
a
 
±17 
583
a
 
±164 
350
a
 
±3.1 
272
a
 
±67 
257
a
 
±38 
215
a
 
±22 
226
a
 
±5.5 
 234
a
 
±17 
940
a
 
±307 
348
a
 
±193 
166
a
 
±59 
 234
a
 
±17 
255
a
 
±4.1 
Ketones 0.23
a
 
±0.32 
0.44
a
 
±0.63 
0.44
a
 
±0.62 
1.1
ab
 
±0.05 
1.5
b
 
±0.11 
1.4
b
 
±0.04 
1.5
b
 
±0.52 
 0.23
a
 
±0.32 
3.4
b
 
±0.33 
1.9
c
 
±0.11 
1.0
d
 
±0.04 
 0.23 
±0.32 
tr
1 
Acids 139
a
 
±175 
11
a
 ±6.9 208
a
 
±9.8 
109
a
 
±110 
89
a
 
±105 
40
a
 
±40 
149
a
 
±164 
 139
a
 
±175 
7.7
a
 
±2.6 
367
a
 
±21 
511
a
 
±705 
 139
a
 
±175 
23
a
 
±17 
Other 2.1
abc
 
±0.95 
4.6
abc
 
±4.0 
0.12
a
 
±0.17 
1.5
ab
 
±2.1 
6.1
bcd
 
±3.3 
9.1
cd
 
±2.0 
11
d
 
±1.9 
 2.1
a
 
±0.95 
13
a
 
±4.0 
21
a
 
±24 
2.7
a
 
±3.8 
 2.1
a
 
±0.95 
3.5
a
 
±4.9 
1
Compound group present at trace level (below GC-MS detection limit). 
a-c
Means with different superscripts in the same row within the same treatment are significantly different (p>0.05) 
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Table 4.9. Total concentrations (ng/g) of aroma-active compounds of stored-raw-then-roasted (SRTR) almonds based on chemical 
groups (Average concentrations ± standard deviation (n=2)). 
 Room Temperature  37°C  4°C 
Functional 
Group 
0 3 6 9 12 15 18  0 3 6 9  0 12 
Aldehydes 3600
a
 
±758 
7763
bc
 
±2665 
5305
b
 
±821 
5749
b
 
±609 
6791
bc
 
±375 
6895
bc
 
±1809 
9858
c
 
±223 
 3600
a
 
±758 
8714
b
 
±1077 
5060
ac
 
±190 
6044
c
 
±122 
 3600
a
 
±758 
6788
a
 
±1883 
Ketones 17
a
 
±6.6 
45
ab
 
±7.8 
44
ab 
 
±21 
42
ab 
 
±12 
56
ab
 
±25 
43
ab
 
±2.4 
77
b
 
±30 
 17
a
 
±6.6 
32
a
  
±28 
45
a 
 
±30 
62
a
  
±17 
 17
a
 
±6.6 
69
b
 
±3.8 
Nitrogen 
containing 
169
a
 
±71 
167
a
 
±7.8 
487
ab
 
±260 
832
bc
 
±423 
652
abc
 
±222 
784
abc
 
±437 
1224
c
 
±61 
 169
a
 
±71 
194
ab
 
±43 
435
b
 
±73 
718
c
 
±152 
 169
a
 
±71 
674
a
 
±306 
Sulfur 
containing 
636
a
 
±676 
1818
a
 
±1096 
4954
b
 
±430 
5016
b
 
±1058 
5152
b
 
±2110 
5775
bc
 
±802 
8504
c
 
±1990 
 636
a
 
±676 
910
a
 
±1287 
3630
ab
 
±316 
6982
b
 
±2562 
 636
a
 
±676 
9244
b
 
±1912 
Acids 369
a
 
±469 
55
a 
 
±26 
501
a
 
±326 
250
a
 
±112 
96
a
 
±23 
241
a
 
±98 
486
a
 
±102 
 369
ab
 
±469 
66
a 
 
±32 
800
b
 
±87 
756
ab
 
±183 
 369
a
 
±469 
97
a
  
±34 
Furanones 1799
a
 
±2068 
2570
a
 
±1535 
14770
a
 
±9722 
7594
a
 
±7960 
8976
a
 
±6950 
7019
a
 
±2563 
8748
a
 
±3597 
 1799
a
 
±2068 
2025
a
 
±570 
9644
a
 
±2443 
10584
a
 
±9084 
 1799
a
 
±2068 
12907
a
 
±4235 
Other 8.3
a
 
±1.1 
33
a
 
±28 
506
a
 
±692 
3.6
a
 
±5.0 
12
a
 
±17 
32
a
 
±6.6 
33
a
 
±1.6 
 8.3
a
 
±1.1 
15
a
 
±6.3 
16
a
  
±10 
13
a 
 
±19 
 8.3
a
 
±1.1 
13
a 
 
±12 
a-c
Means with different superscripts in the same row within the same treatment are significantly different (p>0.05) 
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Table 4.10. Literature references for odor-detection thresholds of positively identified aroma-
active compounds in stored raw and stored-raw-then-roasted (SRTR) almonds. 
No Compound Odor threshold in 
oil (ug/L) 
Reference
b 
 
Aldehydes 
 
 
2 2-Methylbutanal 140 Guadagni et al 1972 
3 3-Methylbutanal 13 Guadagni et al 1972 
6 Hexanal 120 Guadagni et al 1972 
10 Octanal 56 Reiners et al 1998 
15 Nonanal 1000 Guadagni et al 1972 
29 (E)-2-Nonenal 900 Guth and Grosch 1990 
38 (E)-2-Decenal 33800 Belizt et al 2009 
39 Phenylacetaldehyde 22 Guadagni et al 1972 
43 (E,E)-2,4-Nonadienal 2500 Belizt et al 2009 
44 (E)-2-Undecenal 150000 Mejboom 1964 
46 (E,E)-2,4-Decadienal 180 Guth and Grosch 1990 
67 Vanillin 181 Pfnür 1998 
 
Ketones 
 
 
5 2,3-Pentanedione 0.3 Burdack-Freitag 2007 
11 1-Octen-3-one 10 Guth and Grosch 1990 
 
Nitrogen containing compounds 
 
 
12 2-Acetyl-1-pyyroline 0.1 Schieberle 1996 
16 2-Ethyl-5-methylpyrazine 320 Guadagni et al 1972 
17 Trimethylpyrazine 27 Koehler et al 1971 
20 2-Propionyl-1-pyrroline 0.1 Burdack-Freitag 2007 
24 2-ethyl-3,6-dimethylpyrazine 57 Wagner and Grosh 1998 
26 2-ethyl-3,5-dimethylpyrazine 2.2 Wagner and Grosh 1998 
28 2,3-Diethyl-5-methylpyrazine 0.5 Wagner and Grosh 1998 
31/32 2-Acetyl-3,4,5,6-tetrahydropyridine 1.2 Chetschik et al 2010 
31/32 2-Acetyl-1,4,5,6-tetrahydropyridine 1.2 Chetschik et al 2010 
 
Sulfur containing compounds 
 
 
14 Dimethyltrisulfide 2.5 Kubı́cková and Grosch 1998 
25 Methional 0.2 Preininger and Grosch 1994 
 
Acids 
 
 
23 Acetic acid 124 Reiners et al 1998 
40 3-Methylbutyric acid 22 Reiners et al 1998 
 
Furanones 
 
 
47 Cyclotene 300
c
 Nishimura and Mihara 1990 
59 Furaneol 25 Preininger and Grosch 1994 
 Others   
51 2-Phenylethanol 211 Reiners and others 1998 
a Odor-activity values were calculated by ratio of concentration to odor threshold values in oil.  
b Reference for the corresponding odor threshold in literature.  
c Odor threshold value in water. 
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Table 4.11. Odor-activity values (OAVs) of predominant aroma-active compounds of stored raw almonds. 
  Months
a 
No Compound 0  3RT
 
6RT 9RT 12RT 15RT 18RT  3H
 
6H 9H  12C
 
 Aldehydes               
6 Hexanal  1  3 2 2 1 1 1  5 1 1  1 
10 Octanal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
15 Nonanal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
43 (E,E)-2,4-
Nonadienal 
nd
b 
 <1 <1 <1 <1 <1 nd  <1 <1 <1  <1 
46 (E,E)-2,4-
Decadienal  
<1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
67 Vanillin  5  nd <1 <1 <1 <1 <1  nd <1 <1  nd 
 Ketones               
11 1-Octen-3-one <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  nd 
 Acids               
23 Acetic acid 1  <1 2 1 1 nd 1  <1 3 4  <1 
40 3-Methylbutyric acid <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
 Other               
51 2-Phenylethanol  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
a
Storage temperatures RT: Room temperature, H:High temperature (37°C) and C: Cold storage (4°) 
b 
Compound present at trace level (below GC-MS detection limit).
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Table 4.12. Odor-activity values (OAVs) of predominant aroma-active compounds of stored-raw-then-roasted (SRTR) almonds. 
  Months
a 
No Compound 0  3RT 6RT 9RT 12RT 15RT 18RT  3H 6H 9H  12C 
 Aldehydes               
2 2-Methylbutanal  4  10 7 5 7 7 11  10 5 6  10 
3 3-Methylbutanal  41  109 77 52 80 71 116  107 50 69  113 
6 Hexanal  14  29 17 22 28 25 29  44 20 18  10 
10 Octanal  <1  1 <1 <1 1 <1 <1  1 <1 <1  <1 
15 Nonanal  <1  1 1 <1 <1 1 1  1 <1 <1  <1 
29 (E)-2-Nonenal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
38 (E)-2-Decenal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
39 Phenylacetaldehyde 26  81 67 86 73 89 170  53 64 105  157 
43 (E,E)-2,4-Nonadienal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
44 (E)-2-Undecenal  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
46 (E,E)-2,4-Decadienal  <1  1 <1 <1 1 1 1  <1 <1 <1  <1 
67 Vanillin  3  <1 1 1 1 1 1  <1 1 1  1 
 Ketones               
5 2,3-pentanedione 56  147 144 136 183 137 249  96 145 199  228 
11 1-Octen-3-one  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
 Nitrogen-containing               
12 2-Acetyl-1-pyyroline 123  36 116 238 209 231 382  52 153 187  155 
16 2-ethyl-5-methylpyrazine  <1  <1 <1 <1 <1 <1 <1  <1 <1 <1  <1 
17 Trimethylpyrazine 1  1 2 5 4 4 7  1 3 4  4 
20 2-propionyl-1-pyrroline  2  4 12 21 18 20 32  5 12 17  16 
24 2-ethyl-3,6-dimethylpyrazine  <1  1 1 2 2 2 3  1 1 2  2 
26 2-ethyl-3,5-dimethylpyrazine  4  10 24 36 37 36 54  9 20 40  37 
28 2,3-Diethyl-5-methylpyrazine  1  4 9 13 14 14 19  2 7 14  15 
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 Table 4.12 (cont.)               
                
  Months
a 
No Compound 0  3RT 6RT 9RT 12RT 15RT 18RT  3H 6H 9H  12C 
31/ 
32 
2-Acetyl-3,4,5,6- (& 1,4,5,6)- 
tetrahydropyridine  
82  66 269 421 282 383 582  91 199 349  325 
 Sulfur-containing               
14 Dimethyltrisulfide <1  <1 1 1 1 1 1  <1 1 1  1 
25 Methional  3177  9085 24760 25063 25755 28867 42511  4549 18145 34899  46206 
 Acids               
23 Acetic acid 3  <1 4 2 0 2 4  <1 6 6  <1 
40 3-Methylbutyric acid 1  2 2 1 2 2 2  2 2 3  2 
 Furanones               
47 Cyclotene  <1  <1 1 1 1 1 1  <1 1 1  1 
59 Furaneol  71  100 578 295 347 272 338  78 374 408  502 
 Other               
51 2-Phenylethanol  <1  <1 2 <1 <1 <1 <1  <1 <1 <1  <1 
a
Storage temperatures RT: Room temperature, H:High temperature (37°C) and C: Cold storage (4°) 
b 
Compound present at trace level (below GC-MS detection limit) 
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Figure 4.1. Total concentrations of positively identified compounds at different storage 
temperatures for (a) stored-raw (SR) and (b) stored-raw-then-roasted (SRTR) almonds. 
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Figure 4.2. 2-Pentylfuran content in stored-raw (SR) and stored-raw-then-roasted (SRTR) 
almonds. (ng/g) (a) Almonds stored at room temperature (b) Almonds stored at 37°C (c) 
Almonds stored at refrigerated temperature (4°C). 
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CHAPTER 5 
SUMMARY, CONCLUSION, IMPLICATIONS AND SUGGESTIONS FOR FUTURE 
RESEARCH 
 
Almond is one of the most important crops in the US and is the most produced tree nut in 
the world.  Its increasing popularity as a healthy snack and in industrial applications has in recent 
years prompted several studies on the flavor of both raw and roasted almonds.  Even though 
there are several publications on volatiles of raw and roasted almonds, there is no comprehensive 
study which identifies the predominant-aroma active components of raw, dry roasted and oil 
roasted almond. Furthermore, because of the high content of unsaturated fat in almond, lipid 
oxidation can cause quality and flavor deteriorations during storage. Thus, the main objectives of 
this study were to identify predominant aroma compounds in almonds and to evaluate the effect 
of oxidative state of raw almonds on the roasted aroma. It was hypothesized that lipid oxidation 
products formed during storage of raw almonds cause the formation of new aroma-active 
compounds upon roasting of the stored almonds. To investigate aroma changes during storage, 
aroma compounds of fresh raw and roasted almonds were analyzed first. Then, degradation of 
initial aroma compounds and formation of new aroma compounds during storage of raw almonds 
and their effects on roasted aroma were observed by analyzing the stored almonds before and 
after roasting.  
Throughout this study, the volatiles in almonds were isolated by solvent extraction-
solvent-assisted flavor evaporation and predominant aroma-active compounds identified by gas 
chromatography-olfactometry (GCO) and aroma extract dilutions analysis (AEDA) and semi-
quantitated by GC-mass spectrometry (GC-MS). The contribution of individual volatiles to the 
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overall aroma was determined by flavor dilution (FD) factors which were obtained from AEDA 
and by odor-activity values (OAVs) determined from quantitative results. Based on the analysis 
of fresh raw and roasted almonds, lipid oxidation products and acetic acid were found to be the 
predominant aroma compounds in raw almonds; whereas Maillard reaction (and Strecker 
degradation) and sugar and lipid degradation products were predominant in the aroma profiles of 
both dry and oil roasted almonds.  More aroma compounds (mainly furanones and nitrogen-
containing aroma compounds) were identified in oil roasted almonds than in dry roasted 
almonds.   
According to the storage study results, it was observed that predominant aroma 
compounds in stored raw (SR) almonds were formed mainly by lipid oxidation. The FD-factors 
and quantities of these compounds showed a fluctuating pattern throughout storage. In stored-
raw-then-roasted (SRTR) samples, Maillard reaction products and lipid oxidation compounds 
were the predominant group of aroma compounds. When almonds were stored prior to roasting, 
aroma compounds responsible for roasted flavor tended to increased. An overall increase in total 
aroma compound abundance was observed for both SR and SRTR almonds. These results imply 
that compounds formed during the storage of raw almonds are involved in the generation of 
aroma compounds in STRT almonds. Therefore, it is suggested that instead of storing almonds 
after roasting, almonds should be stored in raw form and roasting on demand.  This might be an 
effective way to minimize the flavor fade problem that occurs in roasted-then-stored almonds.  
Further studies are suggested to understand the mechanism and the pathway of the 
involvement of lipid oxidation products in SR almonds on thermal generation of aroma 
compounds in SRTR almonds. Furthermore, a comprehensive sensory study is suggested to 
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investigate the formation of both desirable and undesirable aroma components, as well as the 
consumer acceptance of SRTR almonds as affected by the temperature and period of storage. 
 
 
